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United States and World Resources of Energys/
V. E« McKelvey and D. C. Duncan

U. S. Geological Survey, Washington, D. C.

Abstract

Energy resources must be viewed as a range extending from reserves in known
deposits minable at present prices to resources that may become usable in the future
through further exploration and technologic advance. Appraised in this framework,
domestic resources of the fossil guels of the types now considered usable contain
5.5 to more than 130 Q (i.e., 1018 Btu), and if very low grade organic-rich deposits
are included, the potential may be more than 1,600 Q. World resources contain about
23 to more than 475 Q, and if very low grade resources are considered the potentiasl
way be more than 20,000 Q.

: The energy potential of uranium resources in the United States ranges from
about 0.16 to more than 280,000 Q, the larger figure depending not only on the use
of low-grade ore but also on the successful development of the breeding process.
The energy potential of world uranium resources similarly ranges upward from 0.34 Q
to an order of magnitude of 5 million Q. The energy potential of thorium resources
of the United States ranges from 7 to 420,000 Q, and of the world from 48 to about
.7 million Q. If nuclear fusion cen be contr.ol%ed for power generation, the potential
energy from resources of deuterium and 1ithium® are orders of magnitude larger than
the fissioneble mineral resources. Deuterium alone contains potential energy of
7.5 billion Q. Water power, geothermal energy, solar energy, and tidal power also
represent large potential sources.

The almost staggering contrast between the magnitude of known reserves minable
at present prices and potential resources minable only at higher prices or more ’
advanced technology underscores the critical importance of research, exploration,
and development in meeting future needs.

Introduction

Most energy source materials lie hidden beneath the earth's surface and their
extent is difficult to determine. Compounding the problem of appraising the magni-
tude of energy resources is the fact that the kinds of materials usable as energy
sources are constantly changing as the advance of technology permits us to recover
energy from materials that were once too low grade or too inaccessible to mine, and
to utilize materials that were not previously visualized as economical sources of
energy. :

. These factors, of course, combine to enlarge our usable supplies of mineral
fuels. Development of geophysical techniques for petroleum exploration, expansion
of geologic knowledge concerning the habitat of oil, improvement in drilling
techniques, and development of methods of secondary recovery are among the scien-
tific and technclogic advances that have made it possible to find and recover a far
larger amount of oil than was thought to exist a few decades ago., Similarly, tech-
nologic advances in transportation have made possible widespread and quantitatively
.important use of natural ges, whereas the great bulk of it was discarded before.
Uranium and other nuclear materials were not even thought of as commerciasl sources
25 years ago, and cil shale and other organic-rich shales, not yet used as energy
sources except on an insignificent scale, almost certeinly will become important
in the future. ’ .

y Publication authorized by the Director, U. S. Geological Survey.
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The concept that supplies of usable minerals are extended by the advance of
pcientific knowledge forces three important conclusions pertinent to preparation
of resource estimates: 1) even though searching estimates are prepared, they can
never represent a final inventory of rescurces of the commodity in question, dbut
are at best a quotation reflecting the status of knowledge of resources at the time
the estimates are made; 2) in making and interpreting estimates of mineral resources
it is necessary to differentiate between deposits that are known and closely 4
appraised and those that are either not closely appraised or are as yet undiscovered
but are believed to exist, on the basis of geologic evidence; and 3) it is necessary
to distinguish between depcsits that are minable or recoverable at present costs and
thase that canncot be mined now but might be recovered under more favorable economic
or technologic conditions. To appraise the future availability of energy supplies,
therefore, several categories of resources are examined:

1) Known recoverable reserves--deposits whose location and general magnitude

' are established and that are recoverable at or close to present prices
and with established technology. Generally, the figures include estimates
of other authors described as measured, indicated and inferred, or proved,
possible;, and probsble reserves L?or definitions, see F. Blondel and S. G. )

Lasky, Mineral reserves and mineral resources: Econ. Geol. v. 51, 1956,
p. 686-697/.

~

2) Undigcoverasd recoverable resources--deposits whose specific location is
unknown but whose presence and character are indicated by geologic evidence.

3) Known marginal and submarginal resources--deposits whose location and gen~
eral magnitude are established and that may become recoverable as technology
advances or economic conditions change, but cennot be recovered now.

4) Undiscovered marginal and submarginal resources--deposits whose specific
location is unknown but whose presence and character are indicated by geo-
logic evidence, :

Estimates of reserves and resources depend upon the methods utilized, the
assumptions adcpted, and the basic information available. Wide divergence in esti-
mates prepared by different observers is therefore not uncommon. Over the past few
years, for example;, estimates of crude oil "regerves" have ranged from 31 to 590
billion basrels. Some of these are estimates of reserves in known recoverable
deposits only, and some include resources that may eventually be found and recovered
as technology advances. Some are projections based on existing knowledge or eco~
nomic conditions, and others assume that technologic or economic changes will take
place. And some may be purely statistical projections of the past and present rates’
of discovery, while others take account of geologic concepts of origin and
accumulation.

Knowledge of resources is best represented by estimates that reflect a range in
values and assumptions, which is accomplished by the four definitions above and by
the estimates given in subsequent tables. The totals presented here are generally >
larger than those published previously, mainly because the estimates here take more !
account of urdiscovered and marginal resources. Seen in this perspective, the dif-
ferences in estimates of recent years are not so large as might first appear. For
example; the estimate of known recoverable reserves of petroleum in table 1 corre- !
sponds to the minimum estimates of recent years; those of undiscovered recoverable ‘
resources corzespond approximately to estimates of "ultimate" reserves that allow {
for new discoveries but not much change in technologic or economic conditions. The ’ &
estimates of undiscovered marginal and submarginal resources represent resources of
potential value that are commonly excluded from other resource estimates.

Most of the e¢stimates here were prepared first to gerve the needs of the Natursl
Resources Committee of the Federal Council for Science and Technology ﬁ“ederal

SRV




3

Council for Science and Technology, Committee on Natural Resources, 1963, Research
and development on natural resources: Washington, D. C., U. S. Govt. Printing Office,
134 p;7, and with some modifications in coverage they have been used for other recent
studies undertaken within the Federal Govermment Z;ée also U, S. Dept. Interior,
Energy Policy Staff, 1963, Supplies, costs, and uses of the fossil fuels: Washington,
D. C., 34 p. 2 figs./. They are provisional, not only in the sense that all
resource estimates are provisional, but also in the sense that they will be replaced
shortly by new estimates currently in preparation by members of the U. S. Geological
Survey. : '

Fossil fuels

The energy content of known domestic reserves of fossil fuels recoverable at or
close to present prices and with established technology is about 5.5 Q (quintillion
or 1 Btu), and that of undiscovered and/or marginal and subtmarginal resources,
minable under changed conditions or higher prices, is a little more than 124 Q
(table 1). These amounts are respectively equivalent to about 0.2 and 4.8 trillion
tons of coal, measured in terms of the standard equivalent of 26 million Btu per
ton of bituminous coal. Of the presently minable deposits, coal contains nearly 84
percent of the total energy and most of the remainder is about equally divided among
petroleum and natural ges liquids,. natural gas, and shale o0il. 0il shale deposits
contain about 28 percent of the marginal and submerginal resources; shales, not in-
cluded in the above estimates, containing 10 percent or more organic matter, hold an
energy potential of 220 Q, and those with 5-10 percent organic matter have a poten-
tial of about 1,600 Q.

The energy content of known recoverable world reserves of fossil fuels is about
23 Q. Undiscovered and/or marginal and submarginal resources contain about 452 Q
(table 2). Shales with more than 5 percent organic matter probably have an energy
potential of more than 20,000 Q.

- Nuclear fuels

Known United States reserves of uranium minable at a price of $5-$10 per pound

of U30g are about 142,000 tons, and 181,000 tons additional have already been
- delivered to the Atomic Energy Commission (table 3). Assuming complete burn-up of

contained U235, the energy equivalent of gelivered and minable uranium is 0.16 Q;
assuming complete burn-up of U235 and U23 (possible only with breeding), the energy
equivalent is about 22 Q. Unappraised and undiscovered resources of the same quality
as those being mined probably contain energy equivalents of 0.35-54 @ (depending on
burn-up). Lower-grade uraniferous deposits, which with present technology would cost
up to $100 or more a pound of U30g to mine, contain energy equivalents of 2,000-
280,000 @ (depending on burn-upj. World uranium reserves minable at $5-$10 a pound
are about 700,000 tons, with an energy equivalent of 0.34-48 Q, and may be far larger
(table ). . . ' ' : co

Thorium will be available as an energy source only when the breeder reactor is
practicable, and because it has not been in much demand its resources are not as
well known as those of uranium. Xnown domestic recoverable reserves minable at $5-
$10 a pound of U308 are 100,000 tons, with an energy equivaelent of 7 Q, assuming
complete burn-up (table 5). Unappraised and undiscovered resources of the same and
lover quelity probably contain the energy equivalent of more than 420,000 Q. World
reserves minable at $10 a pound or less contain the energy equivalent of 48 Q and
the energy equivaient in lower grade resources are far larger (table 6),

The fusicon reaction now yields only explosion energy. If it can be sustained
and controlled for the production of electric power, the natural fuels would be
deuterium and lithium®. According to Friedman and others [?}iedman, I., Redfield,
A. P., Schoen, B., and Harris J., 1964, The variation of the deuterium content of
natural waters in the hydrolo§ic cycle: Rev. Geophysics, v. 2, p. 177-22&7} the
ocesns contain sbout 2.5 x 1013 short tons of deuterium, the energy equivalent of
wnich is about 7.5 billion Q.
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Explanation of resource estimates

Coal. Known recoverable reserves are those in thick coal beds lying at depths less
Than 1,000 feet, and assume 50 percent recovery of coal in place. The minimum

thickness for beds of bituminous and higher rank coal included in the estimate
is 3.5 feet and that of subbituminous and lower rank coal is 10 feet.

Known marginal and submarginal resources include coal left in first mining of
known recoverable reserves, coal in thin beds at shallow depth, and coal lying at
depths between 1,000 and 3,000 feet below surface. The estimate refers to coal
in place, and includes coal in the measured, indicated, and inferred categories
of P. Averitt, U. S. Geol. Survey Bull. 1136 (with additional data reported by
H. Beikman, et al., Washington Division of Mines and Geol. Bull 47}, less that
reported here in the known recoverable class, rounded to two significant figures.

Undiscovered marginal and submarginal resources refer to coal believed to be
in place to depths of 6,000 feet. No separate estimate has been prepared of
undiscovered thick coal at shallow depths. Compiled from estimates by M. R.
Campbell, Coal Resources of the World, 1913, less the sum of known reserves and
known marginal and submarginal resources, rounded to two significeant figures.

Petroleum. Known recoverable reserves include proved reserves of American Petroleum

Tnstitute (31 billion barrels as of Dec. 31, 1963) plus reserves economically
recoverable by established secondary-recovery methods in practice (16 billion
barrels) as estimated by Interstate Oil Compact Commission as of January 1, 1962.
The API estimate includes primary reserves plus those secondary reserves recov-
erable by methods already in practice in each field. The IOCC estimates refer
to 0il recoverable by established methods but not yet in practice in all fields.

Known marginal and submarginal resources include additional oil in known
deprosits considered to be physically recoverable by newer secondary-recovery
methods but possibly at imcreased costs. The original oil in place in known
deposits is estimated by IOCC to be 346 billion barrels. Production of 73
billion barrels to January 1963, plus primary and secondary reserves of the above
estimates totel 160 billion barrels or 46 percent of the estimated oil in place.
A somewhat larger recovery, as much as 65 percent of the oil in place, is - E
considered possible eventually with future improvements in recovery techniques;
hence the known merginal and submarginal resources might be as much as 110
billion barrels.

Undiscovered recoverable resources include o0il in possible extensions of
known field and in undiscovered fields thought to be discoverable under present
conditions. Both estimates are based on unpublished estimates of A. D. Zapp,

U. S. Geological Survey, who derived them from analysis of extent of favorable
ground compared with total footage of exploratory drilling completed thus far.
For outline of method, see A. D. Zapp, U. S. Geol. Survey Bull. 11L2-H.

Undiscovered marginal and submarginal resources include petroleum accumu-
laticns thought to be present in less favorable areas, at greater depths, and in
less productive accumulations than those considered commercially usable under
present conditioms.

Natural gas. Known recoverable reserves include proved reserves as of the close of
1953, from American Gas Association and American Petroleum Institute. No esti-

mate has been prepared of known marginal end submarginal gas resources.

Estimates of undiscovered recoverable resources are based on a ratio of 6,000
feet of gas discovered per barrel of oil. Recent estimates of this ratio range
from 6,000 to 8,000 cu. ft. of gas per barrel of oil, and hencé the undiscovered
recoverabls resources of gas may be as high as 1,500 or 1,600 x 1012 cu. ft.

Undiscovered marginal and submarginel resources are Zapp's unpublished
estimates of resources not economic now. Because a larger fraction of natural
gas in subsurface reservoirs is recoverable than oil under present circumstances,
the estimate of submarginal resources of gas is less generous than that for oil.



Deep drilling, however, mght produce much larger quantities, for experience
‘already indicates that there is some increese in concentration of natural

gas with depth. The estimate does not include possible large sources, such as
many known unproduced natural gas accumulations reported as "shows" that were
considered uneconomic vwhen found, pore-space gas in coal and black shale, or
synthetic gas from black shale or coal. For example: the Chattanooga shale and
its stratigraphic equivalents probably contain about 8 x 1015 cu. ft. of gas
equivalent if processed by hydrogenolysis. The four trillion tons of coal in the
United States may also contain as much as 8 x 1015 cu. ft. of entrapped methane
gas, some fra.ction of which might be recoverable in the future. The carbonaceous
shales associated with coal might conta.in an -additional L x 1015 cu. ft. of gas
and some marine black shales such as the Chattanooga and equiva.lents, may coptain
comparable or larger amounts of such gas in pore space.

Natural gas liquids.. Known recoverable reserves are rounded from API-AGA estimetes
for the close of 1963 which indicate a ratio of about 25 barrels of liquids
economically recoverable per million cubic feet of gas. Undiscovered recoverable

resources are based on the same ratio of natural gas to natural-gas-liquids. \i
Undiscovered marginal and submarginal resources are Zapp's unpublished estimate )
wvhich assumes mare complete recovery and greater quantities of natural-gas- {

liquids in the deeper gas accumulations.

011 in bituminous rock. Known recoverable resources include minimel estimates of
some deposits for which re?.dy data are at hand; assumed recovery is 50 percent
of the 0il in place. An estimate of 10 billion barrels from L. G. Weeks, 1960,
Geotimes, v. 5, no. 1, p. 20, is the basis for the figure on undiscovered marginal
and submarginal resources; it includes a number of known deposits that avr
unappraised.

Shale oil. Known recoverable reserves include oil recoverable from higher grade oil
shale in Colorado and Utsh in beds 25 feet or more thick, yielding about 30
gallons of oil per ton of rock, and lying at depths less than 1,000 feet below
surface. Assumed recovery is 50 percent of the oil content of the shale. Known
marginal and submarginal resources include shale left in first mining of the known
recoverable reserves, estimates of the full oil content of similar higher grade
deposits at depths greater than 1,000 feet below surface, and estimates of thin
and low-grade oil shale, with minimum yield of 10 gallons of 0il per ton and
minimum thickness of 5 feet and to depths as much as 10,000 feet below surface.

Undiscovered marginal and submarginel resources include a speculative estimate
of equivalent oil in possible extensions of some major known oil shale deposits,
yielding 10 gallons or more o0il per ton to depths as much as 20,000 feet. A much
larger amount of incompletely sppraised shale is known and inferred. Shales not
included in the estimates shown on the table but containing 10 percent or more
organic matter probably contain about 9 trilliion tons of organic matter with a
potential energy content of 220 Q. Shale containing 5 to 10 percent organic
matter probably contains an energy equivalent of 1,600 Q.
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Table 2. Provisional estimates of world resources of the fossil fuels
(Energy equivalent in 1018 Btu shown in parenthesis)

Known recqverable  Undiscovered and/or marginal

reserves _8nd submarginal resources

Coal (shart tons) 1/ 850 x 109 (18) 15,150 x 107 (320)
Petroleum (barrels) 2/ 300 x 109 (1.7) 4,000 x :109 (23)
Natural ges (cu. £t.) 3/ 1,800 x 1012 (1.9) 19,000 x 012 (20)
Natural gas liquids

(tarrels) b4/ 45 x 109 (0.21) 700 x 109 (3.2)
01l in bituminous
" rocks (barrels) 5/ 40 x 109 (0.23) 1,060 x 109 (6.1)
Shale oil (barrels) 6/ 150 x 109 (0.87) 13,600 x 107 (19)

Total (rounded) energy in -

fossil fuels (1018 Btu) 23 B TV

1/ Known recaverable reserves consist of half of the measured reserves of coal and
lignite reported by Parker (World Power Conference Survey of energy resources y
1962: Central Office World Power Conference, London, p. 10), adjusted to make
U. S. reserves conform with those shown in table 1, and to incorporate a
different approximstion of minable reserves in the U.S5.S.R. The latter is based
on the 1956 estimated quoted by J. A. Hodgkins (Soviet power, energy resources,
production and potential: Prentice Hall, 1961) that 2.09 trillion metric tons of
coal in the U,.S.5.R. lie above a depth of 300 meters; it is assumed that the
distribution of these beds by thickness is similar to that in the U. S., so that
30 percent of the total, or 695,000 short tons, is in thick beds, half of which
is recoverable.

Undiscovered or marginal resources are those reported by Parker, adjusted to
make U. S. reserves conform with those shown in table 1 and to incorporate the
1956 estimate of U,S5.S.R. coal and lignite above a depth of 1,800 meters (9.6
trillion tons), less known recoverable reserves .

y Recoverable reserves are taken as the U. S. figure from table 1, plus proved
reserves in remainder of world (0il and Gas Jour., v. 60, no. 53, p. 85, 1962),
Undiscovered or marginal and sutmarginal resources are the undiscovered recover-
able, known marginal, and undiscovered marginal and submarginal resources for the
other areas; the latter are based on an extrapolation of U. S. estimates to the
remainder of the world according to area of sedimentary rocks and to the geologic
favorability factors derived from L. G. Weeks, 1959, Where will energy come from
in 2059?: Petroleum Engineer, v. 31, no. 9, p. A24-31).

g/ There ars 10 available estimates of proved world gas reserves. Hence, known re-
coverable reserves are estimated on the basis that 6,000 cu. £t. of gas are
expectabls per barrel of oil. Estimates of undiscovered and marginal and sub-
marginal rescurces are unpublished ones of Zapp and allow a somewhat lower gas-oil
ratio for marginal resources.

1_+/ There are nc available estimates of proved world reserves of natural gas liquids.
Known reccvarable reserves are estimated on the basis that natural gas contains
about 24 varrels of natural gas liquids per million cubic feet of gas as in the
U. S. Es*timates of undiscovered and marginal and submarginsl resources are
unpublisked ones of Zapp and allow a somewhat larger ratio between liquids and
gas in marginal and submarginal resources.
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Estimates of known. recoverable reserves_include only deposits in U. S, and
.Canada. Canadian reserves of 37.9 x 109 barrels have been calculated by H. L.
Berryhill, Jr., from information on extent of deposits now obtainsble by open-pit
mining methods reported by 0il and Gas Jour., v. 59, July 31, 1961, p. 253, and
August 14, 1961, p. 79, and on the assumption that 75 percent of the oil in place
is recoverable. Undiscovered and marginal ‘and submarginal resources are from

L. G. Weeks (less known reserves), op. cit., 1960.

From unpublished estimates of D. C. Duncan. Known recoverable reserves
generslly are limited to those deposits ylelding more than 25 gallons of oil per
ton, in zones 25 feet or more thick, and lying less than 1,000 feet below the
surface, and assume 50 percent recovery is mining. In certain foreign areas,
however, where an oil shale industry is already established, deposits of the
grades and thicknesses currently mined are considered recoverable under certain
conditions; in some places deposits containing as little as 12 gallens per ton
are mined by open-pit methods. Marginal and submarginal oil shale deposits are
those ylelding 10 gallons or more per ton and includes possible major extensions

of known deposits. Other unappraised organic-rich-shale deposits extending to

depths of 20,000 feet, and containing 10 percent or more organic matter, probably
contain energy equivalent of about 4,000 Q; deposits containing 5 to 10 percent
organic matter probably contain an energy equivalent of about 20,000 Q. These
unappraised deposits are not included in the estimtes shown on the table.
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Table 3. Provisional estimates of United States resources of uranium y
(Bhort tons of U. Energy equivalent to 101° Btu shown in
parenthesis) 2/

Present cost

(doliars per Unappraised and

pound of ) g/ Known deposits undiscovered resources
5-104/ 142,000 (0.07 - 10) . 770,000 (0.38 - 54)

10 - 30 5/ 140,000 (0.07 - 10) 500,000 (0.24 - 35)

30 - 100 6/ 21,300,000 (6 - 860) 20,000,000 (10 - 1,L400)

100 - 500 7/ -- 4,000,000,000 (1,969 - 280,000

y Estimates of known deposits recoverable at a cost of $5-10 per pound are by the
Atomic Energy Commlssion; most other estimates prepared by the U. S. Geological
Survey.

g/ The minimum energy equivalent is that contained in U235 ana asgumes complete burn-
up. The maximum is the total contained in U235 as well as U23°, Conversion
factor: 1 short ton U = 7 x 1013 Btu,

;/ Based on specific estimates by AEC of mining and processing costs of various types
of deposits, assuming present economic and technologic conditions.

y Uranium already mined and delivered to AEC totals 181,000 tons and should be added
to known reserves to represent uranium available under present conditions. Known
reserves, estimated by AEC, include 135,000 tons in western sandstone deposits
averaging about 0.21 percent U, and 7,000 tons in western vein deposits averaging
about 0.21 percent U. Undiscovered resources estimated by A. P. Butler, Jr.
(unpublished data), include approximately 700,000 tons in sandstone deposits in
the Colcorado Plateau and adjacent areas and 60,000 tons in vein deposits in the
western states.

2/ Known deposits include a) about 23,000 tons recoverable as by-prodﬁct from the

manufacture of triple superphosphate and similar preducts, taken as 15 percent
(the proportion of total phosphete production currently treated by such methods)
of the 90,000 tons estimated by V, E. McKelvey (unpublished data, 1952) to
occur in beds 3 feet or more thick, and containing more than 30 percent P20g and
iying 1,000 feet below entry level in the western phosphate field and of the
65,000 tons estimated by J. B. Cathcart (unpublished - .data, 1951) to occur in
currently recoverable phosplte concentrates inthe Florida field; b) sbout 8,000
tons in western sandstone deposits and 1,000 tons in vein deposlts containing
more than 0.1 percent U but not considered by AEC to be minable at mresent prices;
¢) 95,000 tons in sardstone deposits containing 0.04 to 0.1 percent U, estimated
by A. P. Butler, Jr. from the fact that assay data show such materials to be
present in amounts equal to about two-thirds of the higher grade are; and 4)
12,000 tons in uranium-bearing pyrochlore in potassic syenite in the Bearpaw
Mountains {W. T. Pecora, unpublished data). Unappraised and undiscovered
resources include &) 30,000 tons in by-product recovery from the 200,000 tons
estimated by J. B. Cathcart (unpublisted data) in potential resources in the
North Carolina phosphate field; b) 460,000 tons in low-grade western sandstone
deposits; and c) 20,000 tons in uranium-bearing pyrochlore deposits.

6/ Known resourzes include a) about 130,000 tons in the remainder of the known phos-
phate resources mentioned above (assumed to be recoverable as a principal
product in this cost range; b) about 65,000 tons in phosphate concentrates in the
Bone Valley formation of Florida; c) about 100,000 tons in aluminum phosphates in
the Bone Valley leached zone; d) 6,000,000 tons estimated by Andrew Brown in the
Chattanoogs shale of Tennessee and adjacent states (averaging about 0.006 percent
U); and e) 6,000,000 tons estimated by A. P. Butler, Jr., in the Conway alkalic
granite, N. H., to a depth of 1,000 feet. Unappraised resources include
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a) 600,000 tons in high-grade phosphate rock in the western field lying more than

1,000 feet below entry level; b) 1,300,000 tons in phosphate containing about"

‘0.0008 percent U and more than 2k percent Po0g in the western field; c) 200,000
tons estimated by A. P, Butler, Jr., (from data of G. H. Espenshade) to occur in

‘phosphate in northern Florida; d) 1,000,000 tons in phosphate nodules, averaging

about 0.005 percent, in the Hawthorne formation of Florida; e) 170,000 tons in the
North Caroline phosphates; and f) 16,000,000 tons estimated by V.. E. Swanson to

" occur in the Chattanooga shale in beds containing 0.004 percent or more U,

TIncludes a) 2 billion tons estimated by V. E. Swanson to occur in the Chattanooga
shale and equivalents in central United States in beds averaging about 0.003
percent U; b) 2 billion tons in large granitic bodies (Pikes Peak, Marquette Co.,
Michigan, Wisconsin, Minnesota, Idaho batholith, California batholith, S. Cali-
fornia batholith, N. California batholith, N. Washington batholith, Appalachians,
and New England), containing about & ppm U above a depth of 1,500 feet (estimated
by AEC). :
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Table L. Provisional estimates of world uranium reserves é/
(Energy equivalent to lOl Btu shown in parenthesis g/)

Country Short tons
United States 142,000 (0.07 - 10)
Canada 236,000 (0.11 - 16)
South Africs 127,000 (0.06 - 9)
France 34,000 (0.02 - 2.4)
Australia 13,700 (0.007 - 0.96)
Siro-Soviet Bloc : 110,000 - 400,000 (0.05 - 0.2; 7.7 - 28)
Other 3/ - 21,000 {0.01 - 1.5)

Total (rounded) non '

Commrunist world 575,000 (0.28 - L4O)
Total (roundsd) world Y 685,000 - 1,085,000 (0.34 - 0.53; 48 - 76)

”/ Known deposits minable at $5-10 per pound; those for the United States, Canade and
South Africa represent material minable at $8 per pound or less. Estimates of re-
serves in Sino-Soviet Bloc from the McKinney Staff, Report to the Joint Committee
on Atomic Energy, Congress of the United States, 1960, v. 4, p. 1613. Estimates
on all other countries supplied by R. D. Nininger, U. S. Atomic Energy Commission.

g/ The minimum energy equivalent is that cgntaineduég 0235 and assumes complete burn-up.
The max1muT 1s the total contained in U Conversion factor: 1 short ton
U="7Tx lO

3/ Argentina, Congo, Germany, India, Japan, Mexico, Portugal, and Spain.

4/ Undiscovered deposits of the same quality are estimated to be 770,000 tons (see table

3); data are not available for similar country by country estimates, but the relation
between crustal abundance of the elements and their mimeble resources suggests that
potential world resources in deposits of this quality are of the order of 45 million
tons (see V. E. McKelvey, Am. Jour. Sci., v. 2584, p. 234-2k1, 1960). Despite the
lack of quantitative estimates of total marginal or submarginal resources, seversl
examples indicate that theilr potential is enormous. The alum black shale of Sweden
contains about 850,000 tons U in known deposits averaging 0.03 percent U308’ and
another 1.7 million tons in known deposits averaging ebout 0.02 percent; unappraised
resources may be of the order of 10 million tons. North African phosphorites contain
about 2 million tons U (R. D. Nininger and C. J. Gardner, U. S. Atomic Energy Commis-
sion TID-6207, p. 3, 1960). Each of the major types of low-grade resources is known
qualatively in other parts of the world and an estimate of potential world resources
based or an extrapclation of those listed in table 3 to the rest of the world om the
tasis of “he proportionately larger area involved--say 4 billion tons x 17.3& about
70 Pbillion tons (approximately 5 million.Q)--is probably of the right order of
megnitude.
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Table 5. Provisional estimates of United States resources of thorium y
(Short tons of Th. Energy equivalent to 1018 Btu shown in parenthesis) 2

Present cost

(dollars per Unappraised and

pound Thoa ;/ Known deposits undiscovered resources
5. 104/ 100,000 (7) 800,000 (56)

0- 305/ 100,000 (7) 1,700,000 (120)

30 - 1100 6/ .- 30,000,800 (2,100)

100 - 500 7/ - 6,000,000,000 (420,000) ‘

y Estimates of thorium in known deposits in the $5-10 cost range prepared by the
AEC; most other estimstes prepared by the U. 5. Geological Survey.

_2] Assumes complete recovery. Conversion factor: 1 short ton Th = 7 x 10‘."3 Btu.

_3] Based on specific estimates by AEC of mining and processing costs of various types
of deposits,. assuming present economic and technological conditioms.

y Known deposits include about 88,000 tons in vein deposits in the Lemhi Pass area
of Idaho (B. J. Sharp, D. L. Hetlend, and A. E. Granger, AEC, unpublished data);
about 4,000 toms in Idaho and Carolina monazite placers (AEC estimate); and
about 16,000 tons in the Goodrich quartzite, Michigan (R. C. Vickers, U. S.
Geol. Survey Bull. 1030-F). The estimate of unappraised and undiscovered re-
sources is a speculative one by J. C. Olson, U.S.G.S., that includes 300,000 tons
of potential resources in the Lemhi Pass district estimated by Sharp, et al. as
well as potential resources in veins in about 20 other promising districts. .

ﬂ Known deposits include 53,000 tons in Caiolina placers (W. C. Overstreet, P. K.
Theobald, and J. W. Whitlow, Am. Inst. Mining Eng. Trams., v. 2l%, p. 709-714,
(1959) and 50,000 tons in the Goodrich quartzite. Unappraised and undiscovered
resources include 150,000 tons in the Goodrich quartzite; 10,000 tons in Idaho
and Moxntana placers (D. E. Eilertson and F. D. Lamb, U. S. Bur. Mines RME-3140,
U. S. Atomic Energy Comm. Tech. Info. Service, Oak Ridge, ‘Tenn.); 120,000 tons
in & monazite placer off the mouth of the Apalachicola River, Florida (W. F.
Tanner, A. Mullins, gnd J. D. Bates, Econ. Geol., v. 56, p. 1079-1087, 1961);
8,000 tons in Arkansas bauxite (estimated by Olson from data of J. A. S. Adams,
and C. E. Weaver, Am. Assoc. Petroleum Geologists Bull., v. 42, p. 387-430,
1958); 14,000 tons in quartz: bostonites in Colorado to & depth of 1,000 feet
(G. Phair, U.S5.G.5. unpublished data, 1962); 1,000,000 tons in hornblende-albite
syerite, Wet Mountains, Colo., to a depth of 1,000 feet (M. R. Brock, U.S.G.S.
urpablished data, 1962); 180, tons in shonkinite, Mountain Pass, Celif., to a
depth of 1,000 feet (J. C. Olson, U.S.G.S. unpublished data, 1962); 4,500 tons
in gneiss, Mass., to a depth of 1,000 feet (p. H. Johnson, U. S. Geol. Survey -
TEI-69, U. S. Atomic Energy Comm. Tech. Info. Service, Osk Ridge, Tenn.);
10,000 tons in thorium-bearing veins, Wet Mountain, Colo., to & depth of 50
fest (M. R. Brock, U.S.G.S. unpublished data, 19625,' 17,000 tons in Cretaceous
bleck sand deposits in the western states (V. T. Dow, J. V. Beatty, U. S. Bur.
Mines Rept. Inv. 5860); and a speculative estimate by J. C. Olson of 200,000 tons
in thorium-besaring veins conteining 0.03-0.3 percent Th to depths of 1,000 feet
in the Wet Mounteins, Colo., and elsevhere.

§/ Corway granite, N. H., to depth of 1,000 feet. In additionm, the Silver Plume
granite and Pikes Pesk granite, Colo., probably contain 50,000 tons and 100,000,
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respectively, to depth of 1,000 feet, in rocks with thorium contents of 90 and 50
ppm (G. Phair, U.S.G.S. unpublished data).

Large granitic bodies containing 12-30 ppm Th to depth of 1,500 feet, including
Pikes Peak granite, Marquette County, Mich., Wisconsin, Minnesota, Idaho batholith,
California batholith, S. California batholith, N. California batholith, N. Wash-
-ngto.a batholitk, Appalachia.ns and New England. Estimated by AEC.
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Table 6. Provisional estimates of world tho go reserves, minable at $10 per pound -
a or lessl/: (Energy equivalent to 1 Btu shown in parenthesis; assumes
complete burn-up)

Area Short tons
United States o 100,000 (7)
Canada ' 175,000 (12)
Brazil _ 25,000 (2)
Africa o 45,000 (2)
India, Ceylon, Afghanistan,

Nepal, Pakista 220,000 (15)
Sino-Soviet Bloc 90,000 (6)
Australia 3/ 45,000 (3)

Total 700,000 (48)

Yy Estimates for the United States from table 10. Estimate for Australia from
Bowie, S. H. U., 1959, The uranium and thorium resources of the Commonwealth:
Royal Soc. Arts Jour., v. 107, p. 706; those for other areas from McKinney
report, op. cit., p. 1612-1613.

An additional 250,000 tons is possible in the inland placers of Bihar and West
Bengal, which have not been thoroughly explored.

Undiscovered resources of the same quality are potentially much larger. On the
basis of a comparison between thorium reserves and the known areal extent of
metamorphic and igneous rocks (to which thorium deposits are genetically related),
world resources would be expected to be 3 6 million tons, taking the United States
and the base for extrapolation; or, taking India as the base, 6-12 million tons
(J. C. Olson, U.S.G.S5., unpublished data). Using the relation between reserves
and crustal abundance, world thorium resources would be expected to be of the
order of 20 to 200»m:1_llion tons (McKelvey, op. cit.). Low-grade resources have
been 1little explored, but data from specific deposits show that their ratio to
high-grade resources over the world may be similar to that in the United States
and known examples indicate their large magnitude. Thus, the Kaffo riebeckite
granite of Nigeria contains 70 tons of uranium, at least 140 tons of thorium, and
about 1,840 tons of (Nb,Ta);05 per foot of depth and is only one of several known
in ngeria to be highly radioactive (R. A. Mackay and K. E, Beer, Geol. Survey of
Great Britain Rept. 9SM (AED.95). Carbonatite averaging 0.07 percent ThO, at
Araxa, Brazil contains 110,000 tons above a depth of 475 feet (D. Guimaraes, Div.
de Fomento da Producao Mineral Belo Horizonte, Bull. 103) and carbonatites at
Palabora in the Transvaal and in Kenya, averaging about 0.02-0.05 percent ThO,,
contain tonnages of the same order of magnitude at shallow depths. As with
uranium, an extrapolation from the United States to the rest of the world on the
basis of proportionality of areas -~ 17.3 x 6 billion tonss about 100 billion
tons (7 million Q)--probably supplies an estimate of potential. resources valid

as to general order of magnitude. '
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. Lithium %a not 1n greet demand and hence its resources have been little
explored. Li® in known minable deposits in the United States probably totals about
73,000 tons, with an energy equivalent of 21 Q (table 7). World minable reserves
probably contain about 230,000 tons of Li6, with an energy equivalent of T0 Q
(table 8). Low-grade deposits are litfle known but should be of about the same
magnitude as those of uranium. The Li~ content of the ocean is 20 billion tons,
with an energy equivalent cf 6 million Q (table 8). :

Water power, geothermal energy, and other energy sources

The installed capacity of water-power plants of the United States is about
38,600 megawatts; and the 1962 output was 168 million megawatt hours. The potential
at mean flow is about 121,000 MW, equivalent to an annual production of 1 billion
MW hours. The installed capacity over the world is about 180,000 MW, and the
potential at the mean flow is about 2,700,000 MW (table 9).

According tc D. E. White ﬁf. S Geol. Survey, unpublished datg7, present world
utilization of gectharmal energy is in the order of 1,000 MW, and this can probably
be increased 10-100 times for at least 50 years. Stored energy to a depth of 3 km
that might be recoverable st or near present costs are estimated to be 0.12 Q. Of
the total resources of gecthermal energy, probably 5 to 10 percent occurs in the
United States.

Other sources of energy include tidal power and various forms of solar energy,
including direct radiation, wind power, and ocean heat. These are potentially enor-
mous {for example, the solar radiation striking the earth's surface amounts to 3,200
Q per year, and of this 90 Q is converted into wind), but no estimates have been
made of the fractions that might be recovered at various costs.

Conclusions

Known supplies of coal minable at or below present prices are more than adequate

‘ for foreseeable needs through the 20th century. ILarge additional resources exist,

and if the research needed to advance technology is pressed, low cost supplies should
be available for many more decades at prices comparable to those prevailing now.
Proved reserves of oil and gas are sufficient for only a decade or so but substantial
additional resources can be developed through continued exploration and improvement
of secondary recovery practices. Resources of o0il shale and related deposits are
enormous .

Minable reserves of uranium are large and much larger tonnages in deposits of
the same quality will be discovered on further exploration. At present low rates
of reactor efficiency, the energy aveilable from these sources is small, although
it 1s ample to support a budding nuclear power industry for a few decades, provided
the exploration for concealed deposits is pursued successfully.

If breeder technology is developed for commercial use, energy from U238 and Th
will be available for millenia to come from low-grade resources--phosphorites,
shales, and igneous rocks.

If control =f fusion becomes economical, enormous energy resources will be
available from lithium in relatively shallow parts of the earth's crust, and
especially from lithium and deuterium in the ocean.

The contrast between the energy that is available in known sources available
at present prices and established technology, and that potentially available through
successful exploration and process development is almost staggering, and underscores
the critical importance of research, exploration and development in meeting future
needs.
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Table 7. United States lithium reserves
’ (In short toms LiOp. Estimated by J. J. Norton, U. S. Geological Survey)

Measured and indicated reserves Inferred reserves

Ma jor operating
Locality . mines Other deposits

Foote Mineral Co. mine, .

Kings Mountain, N. C. 317,000 240,000
Other deposits in the

Kings Mountain

digtrict, N. C. - 490,000
Black Hills, S. Dak. - 12,000 °
Searles Leke, Calif. - 90,000
Total (rounded) 1,000,000 1,000,000 1/
. L16 (energzy equivalent
in 1010 Btu in parenthesis) . ' 73,000 (22)

y Mainly in the Kings Mountain district. Further exploration undoubtedly will reveal
additional reserves of high-grade ore.(the relation between reserves and abundance
suggests that the tonnage of lithium may be at least 6 and perhaps 60 million tns,
or 0.42-4.2 million tons of lithium-6; see McKelvey, op. cit.) and far larger ton-

nages of lithium-6 in various ¢_isses of resources are about the same as or slightly
larger than those of uranium.

4
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Table 8. World reserves of lithium:-L/ :
(In short tons Li0O,. Estimated by J. J. Norton, U. S. Geological Survey)

Measured and indicated

/
i
i. .
\

" Area reserves Inferred reserves
P :
4 United States 1,000,000 1,000,000
l Canadsa ' 1,00,000 2,000,000
. Africe 200,000 2,000,000
l J 1,700, 000 5,000,000
} Lib {energy equivalent
g in 1018 Btu in parenthesis) 230,000 (70)
’ Lib content of the ocean
) (energy equivalent in 108 Btu) 20 x 109 (6,000,000)

l/ Known world reserves of lithium are limited to a few areas; reserves at the four
main producing localities -- Kings Mountain, N.C., Searles Lake, Calif.; Barraute,

N Quebec; and Bekita, southern Rhodesia -- account for the bulk of the 1.7 million

. tons of measured and indicated reserves of LiO;. Unquestionably, the estimate of

oo 6.7 million tons in deposits of minable quality is conservative. In addition, low

A grade deposits may be expected in about the same abundance as those of uranium.

-

Table ‘9. Installed capacity snd potential waterpower of the United States and'worldy
' (In megawatts)

Gross theoretical power,
at 100 percent efficiency

and flows Developed sites
At flows At flows Installed
available available Number capaclity of
9% percent 50 percent of . waterpover
of the time of the time Mean flow sites ‘ plants
United States 33,800 72,000 121,300 1,398 38,600
World - - 2, 724,000 - 180,900

1/ Based on estimates by L. L. Young, 1964, U. S. Geol. Survey Circ. 483,
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THE ECONOMICS OF COAL SUPPLY
~ By Abraham Gerber

American Electric Power Service Corporation

Rapid changes in bltumlnous coal markets since the end of
World War II, especially the loss of 1ts two largest markets--space
heating and rallroad fuel--have compelled substantial adjustments in
the industry. In 1947, the year of peak bituminous coal production
in the United States, railroad consumption and retail deliveries,
representing primarily residential and commercial space heating, had
already fallen well below thelr earller peaks; nevertheless, together
they still accounted for 206 million tons or almost 40% of total bitu-
minous coal consumption. The loss of the railroad market to diesel
oil was especially rapid and by 1960 total railrocad consumption of coal
had declined to about 2 million tons and was by then so small that
separate statistical tabulation was discontinued. Between 1947 and
1963 these two markets combined--railroads and retail deliveries--
represented a loss of over 180 million tons and dropped to less than
6% of a total bituminous coal corisumption that had declined by 25%.
During this same period significant, although more moderate, losses
were sustalned in the industrlal and coke markets.

The coal industry responded to this challenge to 1ts sur-
vival with the rapid introduction of mechanization and improved
technology that has helped to maintain its relative position as the
dominant source of primary energy in the highly competitive and
rapidly expanding electric energy market. Since 1947 the growth in

- coal consumptlon by electrlc utilitles of 123 million tons has
exceeded the loss in the railroad market. An increasing, although
small, share of this growth in the electric energy market actually
represents the indirect re-entry of coal into the space heating market.

Progress in coal mining technology began to accelerate in
1950 and between that year and 1963 has achleved an increase in produc-
tivity of almost 125% from 6.77 tons to 15.19 tons per man-day. This,
in turn, has made possible in thils period a reduction of over 9% in
the mine price of coal despite an increase of 62% in coal miners' wages
and a 33% rise in the general price level as measured by the Gross
National Product price deflators. But improved technology and.reduced
prices at the mine have not been sufficient to maintain coal's competi-
tive positlon. Lower transportation costs were also necessary.

For coal, more than for any other fuel, the cost of trans-
portation represents a major element of delivered cost, 1n many cases
amounting to more than half the total costto the consumer. Until
about five years ago the cost of rail transportation, which accounts
for over 70% of all coal shipments, tended to increase and to offset
reductions in the mine price c¢f coal. However, during the past flve
years growlng recognition by the railroads that unless they succeeded
in reducing the cost of coal transportation they were threatened with
the loss of thelr most important single source of freight revenue,
has resulted in significant reductions in coal transportation costs.
This recognition was helped considerably by the advent of the coal
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pipeline and, although only one such pipeline was actually built and
even this one was finally shut down in response to a very large reduc-
fion in railroad freight rates, its availability as a potential
competitor to rail transportation has had its effect on coal freight
rates.

In the past three years particularly, railroad rate reduc-
tions have accounted for some important reductions in delivered coal
costs. These rate reductions have been associated with large volume
movements and have been the result in the main of changes in railroad
management techniques and in rate-making that has given recognition to
the economies of scale.and the technological opportunities in train-
load versus carload deliveries, althouzh the contribution of
technolopical changes has until now been by far the smaller element.
The full benefits of technoloszical improvement in rail transportaticn

remain to be realized and offer the prospect of further substantial

reductions in rail transportation cost.

The srowing importance of the electric utility market to
where it now accounts lor over half of total bituminous coal consump-
tion in the United 3tates has significantly affected the coal industry's
competitive environment. On the one hand coal must compete more inten-
sively on a delilvered cost per million Btu basis with alternative
sources of energy. On the other hand, however, this has reduced the
vulnerability of coal to snifts in consumer »reference and the efflect
of the convenience factor in the choice of fuel, and it has also made
nossible more extensive exploitation of the economies of scale both
in coal mining and in transportation. \

In the case of fuels, perhaps more so than for any other
natural resources, the opportunities for substitution among alterna-
tives, especially for large-scale utilization of primary energy, are
very hiszh. The consumer of primary energy is not really interested
in tons of coal, barrels of o0il or cubic feet of zas. Ultimately the
larze consumer is concerned with purchasing the energy value repre-
sented by these particular forms of energy. The broader the range of
ovportunities for substitution among alternatives the stronger are the
competitive forces affecting the market. While there may be some
purposes for which it is not technologically feasible to substitute
one enerzy source for another, several or all are effective substitutes
for most purposes. In the two major areas of energy use where substi-
tutes are not now entirely feasible technically--coke in the steel-
making process and motor fuel--they may both be vulnerable over the
lon:; run. The use of coke per ton of steel has been declining as a
result of the use of techniques such as fuel injection, and direct
steel reduction, if it should become feasible, would virtually elimi-
nate the use of coke. The development of the electric automobile of
course would have a major effect on the use of motor fuel and, indeed,
would nrovide a means for coal to enter this market indirectly. If
one allows for conversion of primary energy to secondary forms, almost
all energy use is vulnerable to competitive substitution.
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In the electric energy market coal must compete with the
other fossil fuels, all of which can be converted to electric energy,
and with nuclear power now emerging as a vigorous competitor for this
market. Therefore, to maintain its competitive position, the coal
industry must continue its efforts to provide the lowest delivered
cost. While this imposes on the coal and transportation industries
the need to exploit to the fullest imaginative technology and market-
ing, it offers at the same time the opportunity to exploit economies
of scale.

The growth in the electric utility industry has led to very
substantial increases in the size of generating units and plants and
thus to a corresponding growth in the level of fuel consumption at a
single location. A one million kilowatt generating plant, for example,
consumes approximately 2-1/2 million tons of coal a year. This trend
toward greater concentration in the size of individual consuming units
has been paralleled by a trend toward greater concentration of coal
reserves and production in larger size units. Since 1950 the propor-
tion of total coal production accounted for by mines Droducinb over
500,000 tons per year nas risen from about 40% to almost 53% in 1963.
This increased concentration of production is making possible more
rational mining development and exploitation of the more advanced
technology and mechanization that is available to yield higher ovroduc-
tivity and lower price. Similarly, in transportation, railroad
shipments of coal can be organized to take advantage of trainload
movements at high speed and to utilize rallroad capital equipment
much more intensively. This has provided important opportunities for
further cost reduction.

Despite the efforts of both the coal and transportation
industries to reduce the delivered cost of coal and to maintain coal's
competitiveness in fuel markets, there are institutional factors that
may inhibit the ability of coal to compete either by absolute restric-
tions on coal use or by the imposition of cost increases that would
seriously impair coal's competitive capabilities. One of these that
may be of particular interest and offer a special challenge to chemists
and chemical engineers 1s the increasingly widespread public concern
over the oroolems of air Dollutlon control.

Governmental regulations to allev1ate air pollutlon could
possibly prevent, or at least limit, the use of coal and distort the
structure of fuel markets. Unfortunately, our knowledge of the effects
of the products of combustion on living organisms 1s meager and regu-
lation, in the absence of solidly based information, therefore, may
tend to be excessively stringent. A well-known illustration of the
effect of air pollution on fuel use is the situation in southern
California. Desvite indications that it would be possible to deliver
coal in larse quantities for electric generation in this area at a
lower cost than presently prevailing fuel prices, air pollution control
rezulations prevent coal from entering this market at the present time.
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Among the challenges confronting the coal industry, and the
other fuel industries as well, is the need, first to determine the
effects of the products of combustion on the enviromment, and then to
find an economical means to eliminate those effects that are found to
be harmful. There have been some efforts in this direction, including
some technolozical developments to make possible the removal of
sulphur orior to combustion. However, these have all involved proc-
esses that result in substantially higher costs for the heat content
of the coal. Keeping in mind that coal, more so than any other fossil
fuel, needs to compete in markets with very high substitution possi-
bilities and therefore must give particularly strong emphasis to cost,
it is clear that the search for techniques to control pollution,
including the removal of pollutants prior to combustion, Must be
directed toward achieving this result without increasing the cost of
its heat content. There are clear indications that for a long time
the oroblem of controlling the effects of sulphur or its oxides at
the level of vegetable, animal and human life can be adequately and
economically taken care of by diffusion into the upper atmosphere, and
by resorting for this purpose to high stacks currently in the 800-900
foot range, but eventually rising to 1,200 feet or even higher.
Nevertheless, as a matter of challenge, research efforts directed
toward removal of sulphur or other pollutants orior to combustion need
to be continued, keeping in mind that increases in the cost of using
coal would adversely affect coal's competitive vosition.

The emergence of nuclear power as the most serious competi-
tor in coal's largest growth market lends added emphasls to the .need
for continued reductions in delivered coal costs. Nuclear electric
generation nas made substantial progress toward achieving competitive-
ness in the electric utility market and can be expected to exert
increasingly intensive downward pressure on competitive fuel prices
in this market over the next several years. This is especially
significant for coal, but far less important at the present time to
tne cther fossil fuels because electric generation represents a
relatively small share of their total markets. Nevertheless, 1t will
also become increasingly significant for the fossil fuels other than
coal over the longer run as electric energy continues to make wider
inroads over the entire range of energy use. Indeed, the competitive
vattle between coal and nuclear power can be expected to help make
vossitle the lower electric energy costs which would stimulate those
inroads.

The outloolk for a lkeen competitive struggle between coal and
nuclear power would indicate that, looking ahead for a number of years,
we can expect little upward pressure on coal vrices, and in many parts
of the country where coal costs have been especially high further
coot reductions can be anticipated. .Current trends toward reducing
those costs through lower costs of coal at the mine, and especially
throush lower transportation costs, can be expected to.continue so
that reg ional differences in coal costs are likely to be narrowed.

The effectiveness of the coal industry's efforts to reduce its costs
and the concomitant efforts of the transportation industry, especially
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the railroads, to reduce its costs will, in turn, exert strong com-
petitive pressure on nuclear power and stimulate its technological
progress toward lower costs, thus imposing a descending ceiling on
coal prices.

The wide range of substitution capabilities among the
several sources of energy, and most importantly the advent of nuclear
power as a competitive source of energy in coal's largest market, can
be expected to elicit the technical and economic responses from both
the. coal and transportation industries that will make possible a '
rising level of coal use without significant increases in real costs.
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THE ECONOMICS OF OIL AND GAS SUPPLY
Stephen L. McDonald¥

The University of Texas
Austin, Texas

I. Introduction: the economic concept of "supply"

The determinants of o0il and gas supply are extremely complex, as mere recita-
tion of some distinctive characteristics of the industry--and some equally distinc-
tive governmental practices with respect to it--readily suggests. The complete
production cycle, from initial exploration to exhaustion of deposits, is very long--
often fifty years or more. Exploration and development, especially the former, are
characterized by great uncertainty as to results. Absent regulation, expected future
prices and costs are a major influence on current rates of extraction from developed
reservoirs. Ownership of extracted oil and gas in the United States is governed
basically by the "rule of capture," which, with multiple interests in a common reser-
voir, encourages rapid exploitation;1 yet ultimate recovery from an oil reservoir
1s inversely related to the rapidity of exploitation. Largely for this reason, o0il
well densities and rates of extraction are regulated under conservation statutes
in most producing states. 0il and gas are Jjoint products and, to a limited degree,
mutually competitive products. Apparently to provide relative encouragement to
oll and gas production, income from these minerals is accorded differentially low
federal tax rates by means of special depletion and other allowances. 0il imports
into the United States are limited by a quota system. The wellhead price of natural
gas destined for interstate transmission is subject to federal regulation, but
there 1s no direct regulation of crude oil prices at any governmental level.

Within the limits of this short paper it is impossible to deal with the inter-
national aspects of oil and gas supply. It is necessary to confine the discussion
to the domestic scene, and even then to proceed at a relatively high level of
abstraction. It is all the more essential, therefore, that the concept of supply
employed be quite clear from the outset.

"Supply" is a functional economic concept developed explicitly for use in the
analysils of relative prices and the associated allocation of productive resources
among competing uses. Functlonally conceived, supply is not a given stock or rate
of output of a good, but rather is a schedule of alternative quantities of a good
that would be offered for sale during a specified time at various alternative prices.
For reasons to be made clear below, the quantities in the supply schedule are nearly
always positively related to price. The companion concept is "demand": a schedule
of alternative quantitles of a good that would be purchased during a specified time
at various alterrnative prices (the quantities belng negatively related to price).
Supply and demand so conceived indicate for each good and time perlod a unique mar-
ket -clearing price, hence the volume of sales that tends to be effected. Given de-
mand, an increase in supply, i. e., an increase in the quantity offered at each
price, decreases the market-clearing price and increases the volume of sales. A
decrease in supply has the opposite effect, of course.

It should be readily apparent that the quantity of a good offered for sale at
a given price depends in some sense upon the costs of making units of the good availl-
able for sale, In markets where there are many actual and potential sellers, so
that no one can significantly affect the price through his separate offers, it is
in the interest of any seller to offer a unilt whenever the necessary increment to
his total costs 1s less than the price.2 It follows that the quantity offered by
all sellers taken together is pushed to the point where the incremental cost of the
last unit--the marginal cost--for each seller is equal to the price, Thus, supply
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1s.a function of marginal costs at alternatlve levels of output. With a given

state of technology and over the usually relevant range of output, marginal costs
tend to rlse with lncreasing quantities offered for sale. This results from dimin-~
ishing marginal productivity of variable inputs and the progressive addition of
higher-cost facilities to make increasing quantities available. Consequently, with
a given state of technology, it is only at increasing prices that increasing quanti-
ties are offered for sale. This 1s the reason why in the short run an increase in
demand normally increases the market-clearing price.

The elasticity of supply is a measure of the degree to which quantities offered
for sale respond to a change in price. If the response 1s small (supply inelastic),
then a given change in demand causes a relatively large change in the market-
clearing price and a relatively small change in the volume of sales effected. If
the response 1s large (supply elastic), then the relative effects on price and sales
volume are reversed,

" As suggested by a qualifying phrase used above, the state of technology is a
fundamental determinant of supply in any industry. A technological change which re-
duces marginal costs at all levels of output increases the quantity offered for
sale at any gilven price; that is to say, it Increases supply as defined. Given de-
mand, such technological change decreases the market-clearing price and increases
the volume of sales effected. Technological progress thus 1limits the increases in
price necessary to induce increasing quantities of output over time; if rapid enough,
i1t can permit increasing quantities of output over time at decreasing prices.

Quite aside from technologilcal change, the characteristics of supply in any
industry depend upon the time period specified as relevant to a given market problem.
Since supply 1s a function of marginal costs, defined as the Increments to total
costs necessary to add successive units to the quantity avallable for sale, supply
depends upon the types of costs that aré variable during the specified period. In
relatively short periods, during which productive facilities and related expenses
may be regarded as fixed, only user costs? and such direct costs as labor and mate-
rials are variable. Within the technical capacity of the installed facilities,
therefore, only such user and direct costs limit the different quantities of pro-
duct made available for sale at different prices. Supply tends to be relatively
inelastic; and 1f demand is sufficlently depressed, sales may willingly be made at
prices below full costs per unit. In the long run, however, all costs are variable--
including the costs of replacing and adding to facilitles. Consequently, it is
total costs that limit the quantities made available for sale at different prices
in the long run. Long-run supply tends to be substantially more elastic than short-
run supply, and the long-run market-clearing price always covers full costs per unit.

Following a brief general description of the oil and gas production c¢ycle, we
shall conslder the characteristics of supply--and theilr implications--in the deci-
sion perilods corresponding to different phases of that cycle.

II. The o1l and gas production cycle

01l and gas are found in underground formations of porous rock surrounded by
impervious materials that trap the migratory minerals and confine them under pres-
sure, Relatlve to the total volume of earth down to the depths now accessible to
drillers, oil and gas bearing formations are neither large nor densely distributed,
even in those major sedimentary basins where they are most concentrated. Bearing
formations vary widely in size, depth, porosity, pressure and other economically
relevant characteristics. The specific qualities of the minerals themselves also
vary widely. Some gas 1s usually found present with oil, elther as a "cap" or
dissolved in the oil. In such cases, the pressurized gas is a valuable aid in
forcing oll through the porous rock and into well bores, Gas also is often found
alone or without significant association with oil. The degree and nature of the
gas-oll assoclation are not precisely predictable in advance of actual discovery
in particular formations. Even nonassociated gas is most often found when the
primary object of search is oil. :
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The exploration phase of the 0il and gas production cycle begins with geologi-
cal surveys to identify generally promising areas for more intensive investigation.
These are followed by lease acquisitions, which are more or less expensive depend-
ing upon the supposed quality of the underlying prospects and the degree of compe-
titlon among .interested parties. The next step is geophysical testing, ™ such as
by seismographic analysis, to locate beneath the surface speciflc geological forma-
tlons capable of trapping oil and gas. If these tests yield poor results, leases
may be abandoned without drilling; 1if they yleld good results, exploration is com-
pleted with the drilling of one or more wells to the target formation. The uncer-
tainty remaining after the typical amount of predrilling exploration 1s Indicated
by the fact that about nine out of ten exploratory wells are dry.

The development phase of the oil and gas production cycle begins with a dis-
covery that 1s evaluated as worth the additional investment required to put it into
production. Development consists of drilling appropriately spaced wells to the
bearing formation and equipping these wells with flow regulators, pumps, storage
tanks and gathering pipelines. The process incidentally involves discovery of the
exact limitations of the producing formation and the operating characteristics--
pressure, porosity, etc.--of the reservolr. When development is completed, dry
holes mark the limits of the reservoir as well as anomalies within it. Some wells
may be drilled for purposes of reinjecting gas or water and thereby maintaining
reservoir pressure.

OQutlays on exploration and development in the oil and gas industry are capital
investments corresponding to plant and equipment expenditures in other industries.
In recent years, domestlc exploration and development outlays of the industry have
exceeded $4 billion annually. Exploration accounts for about 40 percent of the total,
development for the remaining 60 percent.

The final phase of the production cycle is extraction. As a process, 1t is
essentially continuous and largely automatlc, the extractive force being pressure
differential supplied either naturally or by means of pumps. Consequently, extrac-
tion costs typically are small in relation to exploration and development costs.
Put another way, the great bulk of the charges to current income from extraction are

_ indirect (and fixed) costs associated with exploratory and developmental capital out-

lays. Even the labor costs of operating a reservoir, chiefly for record-keeping and
for general supervislon and maintenance of the wells and their equipment, are in the
main fixed over a wide range of output. Other than user costs, the principal
variable costs are fuel costs and severance taxes.

IITI. Supply in various decision periods

We now consider the determinants of oll and gas supply in different decision
periods. We begin with the shortest period, corresponding to the extraction phase,
in which only a few costs are variable, and proceed in two steps to the longest
period, corresponding to the exploration phase, in which all costs are variable. At
each step in the analysis we shall attempt to indicate the supply characteristics
that help explain the large extent of governmental interference wilth this industry.

A. Supply in the extraction decision period. Assume in operation a given number
of o0il and gas reservoirs_ of specified quality, these being the result of past ex-
ploratory and developmental effort. (The costs of such effort are sunk, of course.)
At first, assume each reservoir to be operated by a number of competitive producers,
without mutual agreement or public regulation. The decision before the several
operators 1s the rate of extraction from each property at any point 1n time--and,
by implication, the time-distribution of total recovery from each reservolr over its
operating life.

In the interest of maximizing his income, each operator will at every point in
time push the rate of extraction from his property to the point were marginal
cost--the increment to total costs resulting from the last unit extracted--equals
the going price. The relevant marginal cost is the sum of two components: marginal
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direct cost and marginal user cost. Marginal user cost for the individual competi-
tive operator is, in turn, the sum of three components: marginal user cost of
timing, mar%inal user cost of nonrecovery, and marginal user cost of competitive
extraction.

Marginal user cost of timing is the discounted present value of the net re-
ceipts (gross receipts less direct costs) sacrificed in future by extracting a
unit now that might have been extracted at a later time. Given the total recover-
able oil and gas in a reservoir, a unit produced now is a unit that cannot be pro-
duced later; a cost of producing a unit now therefore is the present value of the
future income consequently sacrificed. Marginal user cost of nonrecovery stems
from the fact that, at least beyond some critical point, ultimate recovery from an
01l reservoir is inversely related to the rate of extraction per unit of time.

(In general, this is not true of nonassociated gas reservoirs.) Thus marginal user 1
cost of nonrecovery l1ls the discounted present value of the net receipts sacrificed ‘
in future through additional nonrecovery resulting from a unit extracted now. \

Marginal user cost of competitive extraction is of an entirely different na-
ture. It stems from the "rule of capture," under which an operator is entitled to
oil and gas produced through wells located entirely on his property, even though :
the minerals may have migrated underground from adjoining properties. Thus, mar- !
ginal user cost of competitive extraction is the present value of the net receipts
sacrificed to a neighbor as the result of extracting a unit now from one's own prop- -
erty. The cost 1s negative, of course. A unit extracted now is a unit that cannot
be lost to a nelghbor; a unit not extracted now 1s a unit potentially lost to a
neighbor.

Marginal user costs obviously depend upon expected future prices and extrac-
tion costs. The higher are expected future prices and the lower are expected future
costs of extraction, the larger is the present value of future net receipts sacri-
ficed by extracting a unit now. Thus, for instance, the expectation of rising
prices raises the marginal user costs of timing and of nonrecovery and reduces cur-
rent supply, while the expectation of falling prices lowers the marglnal user costs

" of timing and of nonrecovery and increases current supply. 1

To repeat, it maximizes the individual competitive operator's income if he
pushes the rate of extraction from his property to the point where marginal cost
equals price. But the negative component of marginal user cost--marginal user cost
of competitive extraction--may entirely offset the positive components--marginal
user costs of timing and of nonrecovery. If so, the rate of extraction is pushed
to the point where only marginal direct cost equals price. There are two undesirable
consequences of that. First, supply becomes qulte inelastic, even at very low prices.
Consequently, price is highly unstable in response to fluctuations in demand (as
over the business cycle). Second, since the negative marginal user cost of competi-
tive extraction is a purely artificlal private cost, extraction is pushed to the
point where the actual marginal cost of all operators exceeds the price, Thus,
even if the market-clearing price yields a net income to operators collectlvely,
that income is not maximized within the constraints of the opportunity. In effect,
wastes are imposed upon the system of extraction, these taking the specific forms
of improper distribution of extraction in time and loss of ultimate recovery.

These imposed wastes reduce supply from each reservoir over 1ts 1life as a whole.

There are two general approaches to removing or limiting the wastes caused by
competitive extraction from common reservoirs., The first, and in principle most
satisfactory of these, is to operate each reservoir as a unit, dividing the pro-
ceeds from extraction among the various leaseholders on the basis of some equitable
formula. This approach simply removes the source of negative marginal user costs
of competitive extraction and allows unit managers, on behalf of all leaseholders,
to make extraction decisions on the basis of actual marginal costs. Marginal user
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¢costs of timing and of nonrecovery are in effect freed to perform thelr extraction-
limiting function at any point in time, particularly when current prices tend to
fall relative to expected future prices. Supply consequently is more elastic than
under free competitive extraction. All producing states permit and even encourage
voluntary unitization agreements, but only a few--and those not the principal pro-
ducing states--provide any compulsion in unitizing oil and gas reservoirs..

The other approach--the one almost universally used in the United States--is
to regulate production directly, assigning production quotas by wells to lease-
holders. The total allowable production typically 1s limited by the smaller of
(a) the sum of the reservoir extraction rates consistent with near-maximum ultimate
recovery or (b} the total quantity demanded at the going price, whatever that may
ve.T Well quotas are based on relatively iInflexible formulas in which well density
and depth are the usual arguments. The quota formulas usually encourage dense well
drilling to maximize leasehold allowables, so it 1s necessary to regulate well-
spacing also. This approach looks not to removing the source of negative marginal
user costs of competitive extraction, but rather to controlling operators! res-
ponses to such costs by means of detailed regulation. The administrative neces-
sity of relying upon formulas prevents the flexible adjustment of marginal cost to
price required for continuous income maximlzation. The system generally eliminates
wastes of nonrecovery, but students gf the industry are agreed that it stimulates
excesslve drilling and overcapaclty.® The wastes it permits, while far less than
those of free competitive extraction, significantly reduce supply from each reser-
voir over its life as a whole.

In the extractlon decision period, the special Income tax allowances for oil
and gas have little or no effect on supply under elther unitization or regulation
approaching the conditions of unitization. The reason is that the allowances have
roughly offsetting effects on current net recelpts and marginal user costs. Under
free competitive extraction, with marginal user costs depressed perhaps to zero
because of the negative component in them, the speclal allowances encourage exces-
sively rapid exploitation and reduce supply from each reservolr over its life as
a whole. .

. B. Supply in the development decision period. Assume now a given number of
undeveloped oil and gas discoverles of specified quality, these being the result of
past exploratory effort. (The costs of the exploratory effort are sunk, of course.)
The decision before the several operators is the rate of investment in development
wells and equipment with a view to making new extractive capaclty avallable. In
effect, the decision determines the supply of developed reservolrs, which supply
becomes the principal basis of oil and gas supply in the extraction decision period.

Again with a view to maximizing his income (or rather the present worth of it),
each operator will push development investment to the point where the present value
of the expected increment to net receilpts from the last Investment is just equal
to the associated increment to total investment outlays. In formlng estimates of
incremental net receipts, the operator must consider total recoverable oll and gas
in each reservoir, the nature of the gas-oll comblnation, the probable time-distri-
bution of recovery, the associated degree of avoidable nonrecovery, and the probable
time-path of prices and extraction costs over the operating life of the reservolr.
The necessary increment to total investment outlays 1s affected by depth and similar
influences on drilling costs, accessibility of drilling sites, and the number of
wells consistent with the probable time-distribution of recovery.

Other factors being the same, the higher the expected level of oil and gas
prices, the lower the quality of discovery 1t is economical to develop. Thus, the
elasticlty of supply in the development decision perlod reflects the gqualitative
distribution of discoverles made through exploration. No dlscovery will be devel-
oped unless the expected price will cover expected extraction costs plus development
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costs, while an already developed reservoir will be operated if the price covers
no more than extraction costs. Consequently, the elasticity of supply in the
development decision period is greater than that in the extraction decision period.
The general level of supply--the size of the quantities made available at
different prices--in the development decislon period varies directly with the effi-
ciency of extraction expected. Under free competitive extraction, avoidable non-
recovery of oil and gas and the number of wells each operator must drill both are
large relative to the situation under unitized operation of reservoirs, Conse-
quently, given the quality of discoveries available for development, the number it
is economical to develop at each expected price level is smaller under free com-
petitive extraction than under unitization; which 1s to say, supply is smaller under
free competitive extraction than under unitization. For similar reasons, but to a
lesser degree, supply is smaller under the prevailing system of detailed production
regulation than under unitization.

"The special income tax allowances for oil and gas have a significant effect on L
supply in the development decision period. Relative to a situation of equal taxa- ‘
tion of income from all sources, they increase the net receipts from extraction at N
any given price level and thus increase the number of discoveries it is economical 2
to develop at each expected price level.? In short, they increase supply in this u
period. |

C. Supply in the exploration decision period. At the outset of the exploration ’
decision period, operators are confronted with an array of general prospects of
various supposed qualitles. Knowledge of these prospects 1s generally avallable; no
significant costs are sunk at the beginning of the decision period. The declsion
before operators is the rate of investment in exploration with a view to making new
discoveries available for development.

As with development, each operator will push exploratory investment to the
point where the present value of the expected increment to net receipts from the
last investment is just equal %o the associated increment to total investment out-
lays. The factors relevant to expected net receipts from exploration are the same i
as those in the development decision, except that expected development outlays enter
as additional negative arguments. The necessary increment to investment outlays
reflects accessibllity of prospects, depth of promising formations and the difficulty
of drilling through intervening formations.

The elasticity of supply in the exploration decision period reflects the quali-
tative distributilon of available prospects. Since no prospect will be fully explored
unless the expected price of oil and gas wlll cover expected exploration plus develop-
ment plus extraction costs, while an already discovered deposit will be developed if
the expected price will cover only expected development plus extraction costs, the
elasticity of supply in the exploration decision period is greater than that in the
development decision period. Whatever the level of demand in this longest of deci-
sion periods, the market-clearing price covers full costs of the complete production
cycle.

For reasons identlcal with those given in the discussion of the development
decision period, supply in the exploration decislon period is reduced by the wastes
of free competitive extraction and detalled production regulation relative to
unitized operation of reservoirs; and is increased by the speclal income fax allow-
ances relative to a siltuation of equal taxation of income from all sources.

IV, The price of oil and gas in the very long run

As a country such as the United States continues to use domestilcally produced
0il and gas in large--even increasing--amounts, at some point the quality of re-
maining exploratory prospects inevitably begins to decline. 011 and gas must be
searched for in less accessible places, at greater depths, in leaner deposits. The
long-run supply thus tends to decline, and the market-clearing price tends to rise,
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We have long since passed the point of declining quality of prospects and have thus
far averted rising relative prices only through continued progress in the technology
of finding and extracting oil and gas and gradual reduction of the wastes of com-
petitive extraction.

Today, the price of crude oil in the United States would not be nearly as high
as it is were 1t not insulated from forelgn competition; and the volume of produc-
tion would not be as great as it is at that price were it not for the special
income tax allowances. The price is no higher than 1t is at least partly because
at slightly higher prices shale o1l would make slignificant competitive inroads into
crude oil markets. The price of domestically produced gas is freer of threats from
foreign sources and substitutes but, assuming the regulatory authorities will con-
tinue to permit increases over time, it will not always be. Under these circum-
stances, the primery issue raised by the long-run supply of oll and gas 1s not the
course of prices and the availability of fuels, but rather the survival of the oil
and gas 1ndustry as we know 1t. If supply decreases with deteriorating exploratory
prospects, the industry must shrink accordingly.

There are two lines of escape. Filrst, the iIndustry and its legislative friends
can accelerate improvements in the regulatory system, moving ldeally toward universal
unitization of reservoirs and relaxation of detailed formula regulations. The po-
tential cost reductions in this area may be as much as one-third the going price.
Second, the 1lndustry can devote still more effort to technological improvements.

The areas offering the greatest scope for improvement are predrilling exploration
technique, drilling technique and recovery of oll in place, The progress already
made in these areas gives reason for hope that the price of oill and gas may actually
decline, and the industry may renew its growth, in the decades immediately ahead.
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FOOTNOTES

*¥ The author is Professor of Economlcs at the Unlversity of Texas.

1

1. Under the "rule of capture," an operator 1s entitled to oil or gas produced
through wells located entirely on his property, even though the minerals may have
migrated in response to gravity or pressure differential in the natural reservoir
from the property of others. The rule, if unmodified by mutual agreement or regu-
lation; obviously provides incentive for rapid, competitive exploitation of a
common reservoir by multiple leaseholders.

2. The condition of many actual and potential sellers prevails in the oil and
gas industry. Accordingly, for purposes of this paper we ignore the characteristics
of supply in industries where this condition 1is absent.

3. User costs reflect consumption of capital resulting from use, as distin-
guished from mere passage of time.

4. Depending upon the exact situation, some geophysical testing may occur in
advance of leasing.

5. American Petroleum Institute, Independent Petroleum Assn. of America,
Mid-Continent 01l and Gas Assn., Jolnt Assoclation Survey, 1960 (Dec. 1962). The
Survey indicates that exploration costs are close to orne-half of total exploration
and development outlays. However, the Sufvez's cost classification scheme assigns
all dry hole costs to exploration, even though about one-half of all dry holes are
drilled in developing proven discoveries.

6. The user cost terminology 1s based on Paul Davidson, "Public Policy Problems
- of the Domestlc Crude 0il Industry," American Economlc Review, March 1963, pp. 91-96.

7. This obviously leaves the market-clearing price indeterminate. Presumably
it is set by some price leader on the basis of average cost plus target profit.
Ironically, average cost varles inversely with the volume of output permitted.

8. For a more detailed discussion of these wastes, see James W, McKle and
Stephen L. McDonald, "Petroleum Conservation in Theory and Practice," Quarterly
Journal of Economics, February 1962, pp. 98-121.

9. This 1s not to say that the allowances increase the number of discoveries
it is economical t6 develop relative to a situation of no iIncome taxes at ‘all. For
detailed discussion of the effects of the allowances, see Stephen L. McDonald,
Federal Tax Treatment of Income from 0il and Gas (Washington: The Brookings
Institution, 1963).
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ECONOMIC ASPECTS OF UNCONVENTIONAL ENERGY RESOURCES
N Richard A. Tybout

Department of Economics
Ohio State University
Columbus, Chio

The two most important unconventional energy resources today are atomic energy
and solar energy. Importance is here judged by the ability of these two energy re-
sources to shoulder important parts of the world's energy load before the end of the
present century. It is also influenced by a lack of resource restrictions for the
indefinite future in the case of solar energy and a comparative lack of resource
restrictions in the case of atomic energy if, as and when the breeding of nuclear
fuels becomes economically attractive. But this judgment of high promise in the
case of atomic energy remains qualified, as we shall note, by problems of disposing
of the large quantities of nuclear waste materials that would be created by exten-
sive nuclear power generation.

The unconventional energy resources abound, but are either inherently limited
in possible significance or unproven economically to the best knowledge of the author.
In the first group are wind and geothermal energy. For specific locations, geother-
mal energy has been of considerable value, but current commercial output is even now
only about 1,000 megawatts electrical (Mwi, with about as much again in the form of
known reserves.l The prospects for utilization of wind power are similarly limited.
After careful study, Putnam gives wind power a potential approximately one-fifth
that of hydroelectric power in the world's energy economy,“ which in turn seems
destined to supgly only one or two per cent of the world's energy load for the fore-
seeable future. Putnam's analysis was heavily influenced by his requirements for

_constancy of wind speed, which might not be as important if low cost storage becomes

available. In the second category are a variety of devices of unknown potential,
including fuel cells, controlled biological photosynthesis of fixed carbon in alga
and others. By definition, these are beyond the scope of the present analysis (and
its author).

Nuclear Power

Economic analyses of the prospects for nuclear power have been dominated within
the past year by the decision of an electric utility, Jersey Central Power and Light
Company, to build.a nuclear plant, the Oyster Creek Nuclear Electric Generating
Station, to ﬁroduce electric power at a cost in the range of 4 mills per kilowabt-
hour (kwhr). This cost is below that which the Atomic Energy Commission (AEC) had
predicted likely by 1970-75 in its 1962 "Report to the President."”? The turn of
events naturally has attracted considerable attention and will be used here as a
starting point for appraisal of the economics of nuclear power. The central question
pursued in the following paragraphs is whether Jersey Central's calculations reflect
the true cost of nuclear electric power today. It will be found that they come close
to doing so, but that for a society-wide evaluation of the portend of nuclear power,
somewhat higher costs should be used. The latter are supplied and their implications
for the further adoption of nuclear technologies suggested.

Cost Determinants

. e

There are five important economic variables that determine the relative costs
of miclear power and conventional fossil fuel generated power in any given situation.
These are:
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1. Annual fixed charge on capital

2. Use factor (deflned as ratio of kwhr actually generated over
plant lifetime to product: plant capacity x lifetime hours in
service)

3. ©Size of plant

4. Level of fuel cost

5. Public policy

The first two variables are important because nuclear power is more capital intensive
than conventional power, i.e., for a given level of output, a larger proportion of
nuclear power costs are in the form of capital expenses than is the case for conven-
tional power. Thus, a low annual fixed charge and a high use factor both favor nu-
clear power and the converse of both favor fossil fuel power. The third variable
derives its importance from the fact that nuclear power costs are reduced propor-
tionately more by increasing plant size than are conventional power costs. The
larger the plant, the more favorable are the per kwhr costs for nuclear power.

The level of fossil fuel cost is influenced in important degree by transportation

expenses. Thus, the range in fuel cost in the United States is from 8 cents per million

BTU ip Texas to over 40 cents per million BTU in parts of New England and the Far
West. In contrast, nuclear fuel is for all practical purposes weightless per unit
energy content. One pound of nuclear fuel is the eguivalent of 1300 tons of coal.

To the extent that nuclear power comes into use at competitive cost levels in the
United States, it will tend to even out the geographic cost structure of electricity,
though improvements in the technology of long distance power transmission are already
working in this direction.

Finally, there is the effect of public policies. AEC has helped finance a large
number of high cost nuclear power stations as a way of advancing power technologies,'7
and there is every reason to expect these policies will continue. The costs of the
plants and the power they produce must be charged against technological progress,
including the development of converter and breeder reactors. The same must be said
of various public aids to large nuclear plants now_on the line but embodying earlier
versions of technologies now becoming competitive. To the extent that public costs
are incurred for nuclear power stations, these are part of the total costs that must
be counted on a social balance sheet for the evaluation of nuclear power.

Oyster Creek Plant

Table 1 summarizes the comparison of fossil fuel and nuclear power costs made by
Jersey Central. Three alternatives were considered: (l) a mine-mouth coal-~fired
plant in western Pennsylvania which would feed electricity into the GPU system9
through additional high voltage transmission lines; (2) a coal-fired plant at the
Oyster Creek site; and (3) the Oyster Creek nuclear plant. All production costs have
been reduced to annual equivalents.lo The figures reported by Jersey Central were
for blocks of years by plant age: 1-5 years, 6-10 years, 11-20 years and 21-30 years.
Annual costs were different in each block of years, due especially to a variation in
expected fuel cycle costs. In reducing the Jersey Central figures to annual equiva-
lents, the reported costs for each block of years were multiplied by their present
worth factors and the sum of all such weighted costs were divided by the present
worth factor for the entire 30 year period.

The three different capacities listed for the Oyster Creek Nuclear Plant reflect
an expected "stretch-out" in capacity after the plant gets into operation. General
Flectric, the supplier of the nuclear plant, has set a guaranteed capacity of 565 KW
but anticipates that "stretch-out" will be realized. Jersey Central plans for the
620 KW "stretch-out", but even with a “stretch-out” to 565 KW, the figures in
Table 1 give the edge to the nuclear plant. It is interesting also to note from
Table 1 the advantage of the Western Pennsylvania over the Oyster Creek Fossil Fuel
plant, attesting to the low costs of long distance power transmission today. As a
result, a plant located at the mine mouth can take advantage of the lower costs of
shipping electricity rather than coal.
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TABLE 1
Jersey Central Power and Light Company

Cost Comparisons for Oyster Creek Plant
(lifetime annual equivalent costs, mills/kwhr)

Fossil Fuel Plants (600 MW) Oyster Creek
Western Oyster Nuclear Plant
Pa. Creek S15MW  565MW  620MW
Plant cost, $/KkW? ¢ 105 110 132 120 100
Fossil fuel cost per 10° BTU 17¢ 26¢
Fixed charges, mills/kuhr®
Plant and other working capital 1.771 1.449 1.770  1.613 1.474
Fuel working capital 0.033 0.047 0.348 0.326 0.294
Fuel expense 1.599 2,301 1.384 1.371 1.365
Other operation and maintenance 0.493 0.405 0.594  0.551 0.516
Total® 3.897 4,203 4.096 3.861 3.650
4 Transmission costs are included in fixed plant costs.
> Annual equivalent costs are the weighted average of age-related costs reported by
Jersey Central. Weighting was made using present worth factors. Jersey Central
used a 10.39% fixed charge on capital, straight line depreciation expected life of
30 years in all plants and 40 years on transmission facilities. Lifetime load
factors were assumed identical for all plants at 83 percent, but the load factor
calculation for the fossil fuel plants was made using an "equivalent system" tech-
nique. See Report, pp. 13-14.
C Minor differencesbetween totals and sums of corresponding figures are due to round-

ing.

~ Source: Jersey Central Power and Light Company, Report on Economic Analysis for Qyster

Creek Nuclear Electric Generating Station (February 17, 1964), Tables 1, 2, 3
as modified by footnote b, above.
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The relevance of the Jersey Central results for a nation-wide evaluation of nu-
clear power depends on a number of considerations, including at least three points
that have been raised 1n public discussion: . (1) the appropriate annual fixed charge;
(2) the prospects for "stretch-out"; and (3) whether the bid price by the General
Electric Company for the nuclear portions of the Oyster Creek plant represents true
costs to GE (at some assumed volume of production of similar plants), or whether, as
some have argued, GE bid too low for the plant costs to be considered typical.ll

t is unavoidably true that Jersey Central used methods of determining required
revenue for fixed charges that reflect rate making practices in the state of New
Jersey and the financial structure of the utility itself (although the latter was
simplified for the sake of the public report). It is another matter, however, to
develop figures for a national comparison. Using average state and federal taxes,
average cost of capital and other representative conditions, the Federal Power Com-
mission recommends a figure of 13.9 per cent fixed charge on capital in making com-
parisons of production costs. For the purpose at hand, this figure will be rounded
down to 13.5 per cent to reflect the 196h4 federal corporation income tax reduction
combined with omission of insurance charges. This is significantly higher than the
10.39 per cent used by Jersey Central. Insurance charges are treated separately since
they are very different for the nuclear and conventional plants.

Tnhe evidence regarding "stretch—out" is inconclusive. Philip Sporn, a respected
spokesman for the electric utility industry, has estimated that ten per cent is the
most likely "stretch-out.”l3 A General Electric spokesman predicts that the future
trend will be toward design and cost estimates with less than 20 per cent stretch. 1
In the absence of more conclusive information, the 10 per cent figure is here judged .
safest to use for nuclear power cost comparisons. j

The Generel Electric Company is probably the best authority for the question of 4
future contract prices involving the GE boiling water reactor. The prices and poli- :
cies published by GE on September 21, 1964 ferm the basis for data that will be used
to represent the nuclear power potential in Table 2., The GE costs are slightly’ {
higher than those for the Oyster Creek plant, but the difference is not great.

Cost Comparison of Nuclear and Conventional Power
The various refinements indicated above have been incorporated in Table 2 to give
a general comparison of nuclear with coal-fired technology in the large central sta-
tion plants here discussed. BSome differences remain in nuclear fuel and other opera-
ting expenses; therefore two sets of estimates are given for these. It will be noted
that the Sporn and GE estimates (both of which have been modified by the present
author, as indicated in Table 2) are in good agreement. Their greatest difference
is in cost of insurance., On this point, the Sporn total of insurance plus operation {
and maintenance costs_is closer to that of the Oyster Creek plant than is the cor-
responding GE total.t® Coal-fired plants are represented by Mr. Sporn's Cardinal '
plant technology, the most advanced under construction today.

The most important message conveyed by Table 2 is that nuclear power plants can
be built today at a lower cost to electric utilities than the best coal-fired plants
in regions of moderate to high. fossil fuel cost. Moreover, the progress in nuclear
technology that has led to this resuit is sufficiently impressiye to give credence
to claims of expected continued downward trends in fuel costs,l which will in turn
further reduce nuclear fuel operating expenses.

Social Costs :

The question immediately arises as to whether all costs of nuclear power are L
represented in Tebles 1 and 2. Insofar as taxes are concerned, no differentiation can
be made between nuclear and conventional power since the FPC rate of 13.5 per cent

was used for both, There are, however, three AEC policies that help defray costs of .
nuclear power: (1) design assistance; (2) waiver of fuel use charge for first five f
years of operation; and %3) price supports for byproduct plutonium production.
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Y A TABLE 2
GENERAL COST COMPARISON OF NUCLEAR AND COAL-FIRED PLANT TECHNOLOGIES

(lifetime annual equivalent costs, millélkwhr)

Coal-Fired Unit Nuclear Unit
‘ {Cardinal-type plant) (Boiling Water Reactor)
/ - g
: Capacity, megawatts 615 600
b Unit capital cost, $/KW 107 126°
K Coal costs per 106 BTU Sporn GE
f 20¢ 25¢ 30¢ estimates estimates
y Fixed charges
. PlantP 2.07° 2.07° 2.07° 2.43° 2.43
] Fuel work%ng c c
P capital 0.03 0.04 0.05° 0.33¢ 0.33¢
} Fuel expense . 1.73 2.16 2.60 1.45d 1.51e
K Operation and
' maintenance 0.30 0.30 0.30 0.35 0.31
Insurance neg.f neg.f neg.f 0.20 0.08
Total 4.13 4.57 5.02 4.76 4,66

a Estimated plant costs at $121. per installed kilowatt by interpolation of informa-
formation supplied by GE, increased by 15 percent to allow for construction,
interest, land and related cost as in Stathakis (see source of this table) to give
$139. per kilowatt, which was divided by 1.10 to allow for ten percent stretch-out,
giving the resulting $126. per kilowatt.

b Based on 13.5 percent fixed charge, 80 percent load factor.

€ Obtained from Table 1 supra. Fuel working capital costs were omitted in all origi-
nal estimates. It will be noted that the fuel working capital costs used in Table 2
were based on fixed charges of 10.39 percent as opposed to 13.5 percent used in the
remainder of this table. No correction has been made for this difference because
of the complexities of imputing fuel costs at different periods of time. The under-
statement in turn aids nuclear power more than conventional power.

d Equivalent annual fuel expense obtained by Sporn apparently using weighted average

lifetime value obtained by present worth factors.

For representative "equilibrium core' as described by Stmthaks (see source of this
table).

£ Insurance on conventional plants is calculated using the Federal Power Commission
recommended rate of 0.25 percent for each kilowatt of capacity investment.

Source: Coal-fired unit and Sporn estimates of nuclear unit are from Philip Sporn,
"A Post-Oyster Creek Evaluation of the Current Status of Nuclear Electric
Generation', Joint Committee on Atomic Energy, 88th Congress, 2nd Session,
Nuclear Power Economics - Apalysis and Compents - 1964,(Washingtom, D.C.,
1964), Table 4 except as modified by footnotes above.

GE estimates are from G. J.Strathakis, “Ruclear Power Drives Energy Costs Down'',
Electrical World (October 5, 1964) except as modified by footnotes above.
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These three are available for large central stations of the type here under discus-
sion.

Design costs may or may not be large, depending on whether research and develop-
ment is necessary for any parts of the system. If so, AEC is willing to finance the
research and development costsl? and this part of the expense must be regarded as a
subsidy in the interest of progress, as noted in previous discussion. The Oyster
Creek plant was not designed at AEC expense, nor did it utilize design concepts that
necessitated R&D programs. Hence the figures shown in Table 1 include design ex-
penses, but for a plant whose basic technology had been previously established.

Table 2 is based on the same nuclear technology.

The waiver of fuel use charge does not greatly affect the previous calculations.
The use charge represents interest on fuel inventory owned by AEC but used by the
electric utility. With present AEC policies, Jersey Central estimated that the use
charge adds $11 to $13 per kilowatt to the cost of the Oyster Creek plant. Jersey
Central did not take advantage of the waiver in its calculations, but if it had done
s0, the effect would have been to reduce lifetime annual equivalent costs by about
0.06 mills/kwhr in the 10 per cent "stretch-out™ (565 KW) plant. AEC has now recom-
mended that legal requirements be changed to permit private ownership of special nu-
clear materials.™ Jersey Central calculates that private ownership of fissionable
fuels would in its case result in a capital expense of $22 to $30 per kilowatt. The
calculations for the Oyster Creek plant assume that private ownership of ‘nuclear
fuels will, in fact, commence on July 1, 1973 and the fuel working capital cost re-
flects this assumption. If private ownership were to exist from the time of initial
operation of the Oyster Creek plant, the costs would be about 0.0k mills/kwhr higher
for the 10 per cent 'stretch-out' (565 KW) plant.l9 Again, the effect of public policy
is small enough that no important changes need be made in preceding conclusions.

With respect to plutonium buy-back, AEC has estimated that its current price of
$10.00 per gram for plutonium isotopes 239 and 241 in nitrate form represents what
the free market price will be in the near future,zo i.e., before breeder reactors
are in commercial use. Insofar as power applications are concerned, this is the
economically correct obiective and the author is in no position to question the numer-
ical value set by AEC.2L Jersey Central states that in its calculations, "the total
plutonium credit averages less than 0.25 mills/kwhr."” Thus, it would take a con-
siderable change in the plutonium buy-back price to affect the competitive status of
nuclear power and any future change is more likely to be upward than downward (ve-
cause of the future possibility of using plutonium reactors for power), which will
reduce the cost of nuclear power in today's reactors.

Finally, there is the possibility of social costs in the form of radioactive
wastes. These costs are different from any thus far considered in that they will
never be encountered in the market place except to the extent that public regulations
require methods of radioactive.control for which private firms must pay. The pros-
pects for safe waste disposal are not reassuring when account is taken of the large
volume of wastes that would be produced by widespread installation of nuclear power.
AEC discussed methods of safe disposal in its 1962 "Report to the President” with the
clear inference that environmental investigations had not yet reached the point at
which reasonable technical criteria had been established for safe disposal of very
low radioactive effluents into the enviromment. AEC also discussed the disposal
of high level wastes in its 1962 "Report to the President" indicating in that discus-
sion that "aside from the central reactor development program proper, no other phase
of the entire (civilian reactor) program is more important than that of waste dis-
posal."®3 At the same time, AEC indicated that plans for ultimate high level waste
disposal were still in the résearch stage.2

Until a safe program is designed to handle ultimate storage of high level wastes
in large volume and until environmental standards are established which will prevent
undue environmental concentrations of radioactive materials, the author cannot look
with equanimity on the expansion of huclear power generating capacity. If the costs
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of radioactivity controls increase the costs of nuclear power, then this is as it

“should be. Those who pay for the power must also pay for the control of any unwanted

byproducts. We as a nation have an unenviable history of pollution control. Now,
we are talking about pollutants that last decades, centuries in some cases. It is
asking very little to decide how we .shall live with the volume of radioactive waste
materials in prospect before we set out on a course that presupposes their creation.

System Costs
On the assumption that nuclear power costs are fully established to include all

social costs of power production, certain observations can be made on the integration
of nuclear power in conventional electrical grids.

First, it will be recalled that the data in Tables 1 and 2 are for 600 MW plants.
These are large central station plants. At one-tenth the size of the nuclear plant
on which Table 2 ig based, Strathakis reports over 2 times the cost he estimates for
the Table 2 plant. In contrast, Barzel gives results for conventional steam plants
which indicate a 48 per cent increase in per kwhr costs as a result of a tenfold re-
duction in plant size.20 The inference is that there is a size threshhold above
which nuclear power has the cost advantage and below which conventional power has the
cost advantage. The size of electric power generating stations depends on a compro-
mise between market density and costs of transmission, to name only the most impor-
tant variables.27

Just as there is a size distribution, so is there a use factor distribution among
electric power stations. It will be recalled that high lifetime use factors were em-
ployed in Tables 1 and 2 (83 per cent and 80 per cent, respectively). As previously
noted, high use factors favor the capital-intensive technology by spreading fixed
costs over a larger output. The typical distribution of use factors among electric
power stations in a given system is a compromise between age distribution of plants
and their operating expenses in the light of the costs of power transmission.
Operating expenses are typically highest in the oldest plants; so as plant age in-
creases, it is customary to use the plant a smaller proportion of the time. At the
extreme are peaking plants designed for very low load factors using technologies

‘that are least capital intensive and most fuel intensive.

Now, the nuclear power plants that are installed first in any given system can
truly be expected to have the highest use factors over their lifetimes. The reason
is that they will have lower operating expenses for the same total cost of power than
will the conventional plants. Thus, Jersey Central actually expects to realize an
83 per cent use factor with its Oyster Creek plant, but would only expect use factors
in the range of 60 per cent with the fossil fuel alternatives28 (although they were
compared at the 83 per cent level). Later calculations for the introduction of
nuclear power in the same system, however, will eventually run into more adverse
lifetime use factors. There is only so much base load that can be carried in any
given system. It is electric power demand that determines the total system output
requirements. Eventually, prospective nuclear power additions will be considered in
competition with less capital intensive technologies and for lower use factors.

Just as there is a need for peaking plants today, so will there be a need for less
capital intensive technologies among power plants in the systems of tomorrow.

An approximate indication of the prospects for introducing nuclear energy in
today's electric power systems can be found by noting the incidence of large plants
in the high and moderste cost fossil fuel areas. The geographic incidence of capacity
by fossil fuel cost areas is shown in Table 3 and by plant size in Table L, Referring
to Table 3, it appears that about half of the nation's thermal generating capacity
is in the cost range in which an advantage is shown for nuclear power at the 600 MW
size level (compare Table 2) if we ignore possible cost differences that might result
from different envirormental health standards. From Table 4, we note that the number
of power plants of large size is relatively limited. There is a tendency, however,
for large plant size to be more important in the first, second and eighth FPC regions,
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where fossil fuel costs are higher (compare Table 3). It is clear that the existing
geographic structure of conventional fuel costs and size structure of existing power
systems permit considerable scope for introduction of nuclear power plants. A more
exact conclusion would require considerably deeper analysis, including size and cost
trends for both nuclear and conventional plants, which depend not only on plant tech-
nological developments, but also on regional fuel cost changes {see last column of
Table 3). density of markets for future power, trends in transmission costs and
others.=-

Locational and Aggregative Economic Effects

The effects of reduced electric power costs on different industries in the United
States were intensively studied by Schurr and Marschak over a decade ago.30 Their
work is still relevant for this special topic. The lower level of power costs con-
sidered in the Schurr-Marschak analysis was 4.0 mills/kwhr, a value which appears
from Teble 2 within the range of ccal fired as well as nuclear powered plants, but
the former only for certain regions, not for the broad range of localities where
nuclear power might be available.

It would be impossible in a summary to do Jjustice to Schurr -and Marschak's
findings; moreover, there is the possibility that new process technologies in the
industries analyzed could cause some amendments of the details. It is informative,
however, to note the three classes of economic effects considered in their study:

(l) cost reduction in heavy energy consuming industries, assuming no important changes
in process technologies; (2) cost reductions and changes in process technologies that
might result from lower energy costs; (3) possible changes in the location of manu- 1
facturing establishments as a result of lower cost energy. Only a limited number of
industries consumed, or offered sufficient prospects of .consuming, enough energy (in
proportion to all other costs) to be considered in the analysis. These were: alumi-
num; chlorine and caustic soda; phosphate fertilizers; cement; brick; flat glass;

iron and steel; and rail transportation. Some of these showed sensitivity to energy
cost changes if carried to the 4.0 mills/kwhr level. Others did not. We can gene-
ralize to the extent of noting that in individual cases and where no process shift

was involved, the production of a commodity having ubiquitous inputs or a commodity
with no important weight losses between inputs and outputs might become market oriented
as the result of lower power costs in the vicinity of consumption centers. The oppo- :
site possibility exists where reduced power costs at raw materials centers would \
attract production operations of a weight losing commodity. In both cases, the avail- )
ability of low cost nuclear power (or heat) over wide geographic areas must be com- K
bined with sufficiently important potential advantages of market, raw materials or )
other influence to change the balance away from a location that is now strongly .
affected by low cost power from hydroelectric sites or perhaps from natural gas. {
Where a process shift is involved, the logic of the situation suggests that bulk

energy consumption is entering production processes for the first time and the loca-

tion of the site of .production is. reoptimized anew taking account of energy costs in

greater measure than before.

The aggregative effects of reduced energy costs on the national economy will be
quite small as compared with the total of all other economic activities. AEC esti-
mated in its 1962 "Report to the President” that by the end of the twentieth century,
projected uses of nuclear power would result in cumulated savings in generation costs
of about $3O pillion, the discounted present value of which would be $lO billion at
5 per cent interest.él The estimate was based on a simple subtraction of expected
nuclear power costs from expected conventional power costs using AEC's projected
schedule of nuclear power additions. In comparison with an annual rate of Gross
National Product close to $625 billion in 1965 and a projected GNP of $2007 billion
in year 2000,32 the cumulative total in savings do not appear large. But other ag-
gregative effects must be considered.
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With a reduction in the price of energy, consumers gain purchasing power, some
of which will normally be used for the purchase of additional energy and the rest of
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which will be used for other purposes. Over a long enough period of time, increases
in real income can result in more leisure. All increases in consumption have their
secondary and tertiary effects on the suppliers of the goods that are being brought
into service, with the result that the effects are perpetuated in infinite regression.
It is the total cunulation of all secondary and higher order effects with the initial
cost savings that produces a more comprehensive measure of a given real cost reduc-
tion. In any particular case, the total effect of the infinite series of derived
effects will be to increase the initial benefit (as, e.g., estimated by AEC) several
fold, probably by a factor greater than 1.5 and less than 6.0.33 It is still clear
that the aggregative effects of the cost savings will be small as compared with the
cumulated Gross National Product for the same years.

Other Uses of Nuclear Power

One possible use of heat from nuclear reactors is for central district urban
space heating. This application is similar to the generation of electric power except
that steam heat is distributed directly to the consumer location. , Space heating con-
sumes 20 per cent of the total energy in the United States today,34 but at the present
time the heat losses from steam distributed by central district plants, combined with
the required economies of scale for nuclear power plants, limit prospective applica-
tions to densely populated areas where cold winters are experienced. Schurr and
Marschak in their exploratory study found that the combination of conditions that
might make central district space heating economically attractive are most likely to
be found in New York, Boston, Buffalo, Chicago, Milwaukee and Newark, Patterson and
Jersey City.35 The principal difficulty is in the siting requirements. To make such
applications economically viable, the nuclear reactor must be located in the middle
of a densely populated area. We are not yet ready to approve such location from the
standpoint of public safety.

Another closely related application is the generation of nuclear power for the
propulsion of ocean vessels. The nuclear ship Savannah immediately comes to mind,
but the author is informed that costs on this vessel are unrepresentative of current
nuclear propulsion technologies. An approach to the question of costs can be made,
however, by noting that the U. S. Navy uses a factor of 1.5 as a rule of thumb in

.relating nuclear power plant construction costs to those of conventional power .plants

of the same size for surface vessels.3 Operating costs are higher, but the extent

is not clear from information available.37 For smaller power plants, such as used

in aircraft, locomotives and automobiles, nuclear propulsion seems out of the gquestion
for the indefinite future (unless for military purposes, where cost is not a deterrent).
If nuclear power is used in the private sector, it will probably be in the form of
electrical energy supplied from a central power station.

A step further removed is the direct use of nuclear heat for industrial processes.
This topic was the subject of extensive investigation by AEC in the late 1950's. Two
difficulties were -encountered. First, reactor technologies that are low cost today
produce heat at relatively low temperatures as compared with the needs in many indus-
trial processes. Second, before low cost energy can be obtained from a nuclear reactor,
it must be of enormous size. As a result of these limitatéons in combination, "no

potentially economic process heat application was found.™3

A new energy consumer, as yet unimportant in the national (or world) energy
economy, is desalinization of water. As population grows and (in the United States,
at least) water consumption per capita increases, it is prudent to look ahead to in-
creased needs for fresh water for all purposes. Nuclear power offers some promise as
an energy source for distillation. Conventional energy plants in the United States
have been built in the range of a million gallons per day to produce water at a cost

" of ebout $1.00 per thousand gallons.39 This is about twice the acceptable cost of

municipal water in many parts of the United States, about four times the cost of in-
dustr&al water and seven or eight times that which is acceptable for most agricultural
uses. MO If plant output is increased approximately a thousand fold to a billion
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gallons per day, numerous nuclear plant designs suggest that fresh water can be pro- -
duced from nuclear reactors at costs well within the range of municipal and commercial
prices today.*l With combined fresh water and nuclear electric power production
(electric powez in the range of 600 to 1200 MW), some of the costs could be borne by
electric power sales (assuming large power markets could be reached) and distilled
water might be sold at a pﬁice low enough to reach the upper range of prices now
acceptable for irrigation. 2 The prospect would seem to be of even greater signifi-
cance to those interested in water rather than energy resources, but the fact that

it is based on design, not experience, must be kept in mind. -

Solar Energy

The attraction of solar energy is in its abundance and, from our standpoint, un-
limited availability over time. Solar energy reaching Continental United States
annually is about 14,700 x 1012 kwhr; that reaching the land areas of the world,
2Lh6,000 x 1012 kwhr.ZE Compare progected Eﬁergy'needs by Schurr et. al. for the
United States in 1975 at 21.8 x 1012 kwhr. This figure corresponds to the upper
limit of a range of energy consumption estimates for the same year made by the present
author and extended to an energy consumption upper limit of 52.1 x 1012 kwhr in year
EOOO.M5 If only a fraction of one per cent of the solar energy reaching Continental
United States could be usefully employed, it would satisfy all of our energy needs as
far in the future as we can predict them.

Solar energy is like nuclear energy in that fuel transportation costs are of no
significance. The solar climate varies with the latitude and season of the year but
is adequate for many applications over large areas of the world between the forty-fifth
parallels north and south. Solar equipment is also like nuclear equipment in that it
is capital intensive. The initial investment constitutes a large fraction of total
lifetime expense for solar devices. In several. other respects, solar energy has eco-
nomic characteristics opposite those of nuclear power.

Differences in quality are readily apparent. For nuclear power, Roddis cites
evidence of load following characteristics and reliability that surpasses even those
of the best fossil-fueled plants. Solar energy, on the other hand, is of very low
quality due to its low intensity and interruptibility. Low intensity limits the
temperatures at which solar energy can be used except where optical focussing systems
are employed. For a sufficient expenditure on a solar focussing collector, almost
any temperature attainable on earth can be achieved. Interruptibility likewise has
its costs, depending on the use envisaged. Energy storage can bridge the nocturnal
disappearance of the energy source or can extend collected energy availability over
longer periods of time. Energy storage has its costs, but is not always necessary.
Low quality interruptible energy might be quite satisfactory in some uses, depending
on the design of the prime mover. The interruptibility of solar energy does not
prevent its use in certain applications such as water pumping for irrigation. Indeed,
there is a rough correlation between the availability of solar energy and the need
for irrigation water. The correlation is better for space cooling but tends to be
roughly inverse for space heating. Practically continuous energy must be available
for still other uses such as food refrigeration and manufacturing. Energy storage
costs assume different importance for different applications and will, of course,
vary with the solar climate.

Solar energy is also opposite of nuclear power in its scale (or size) economies.
Nuclear power tends to find its comparative advantage in mammoth applications, as
we have noted. Solar devices are comparatively better in midget applications. Typical
of the latter are roof hot water heaters, small scale distillation and, in recent
years, midget power units for earth satellites. Solar space heating remains largely
in the technological future, but when it comes, it will be best suited for isolated
locations where conventional fuels are expensive. In contrast, we have noted that
nuclear energy might be used for central district space heat, but only in exceedingly
dense population centers. Other examples will become apparent in the course of suc-
ceeding analysis. '
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The solar equipment discussed herein will be for power (terrestial applications),

- space heat, and water distillation. There are, of course, other applications of

solar energy: for cooking, for agricultural drying, for high temperature production
in a solar furnace, to name a few. Solar power is potentially important in economic
development. Solar space heat offers promise of some day carrying a significant
fraction of the space heat load. Solar distillation is important from a long-term
water resource standpoint. But all are presently limited by cost considerations.
The prospects are sufficiently encouraging, however, to justify an analysis of solar
energy's current status.

- The solar energy systems will be evaluated using a fixed radiation intensity of
180 Kcal/cm.z,yr. This is a high level of radiation, found in Southwestern United
States, North Africa, the Eear East, Central India and other locations favorably
situated for solar energy. 7 Solar radiation is not the only climatological variable
that affects the performance of solar equipment. Two others important in determining
heat losses are ambient temperature-and wind speed. A comprehensive analysis would
take account of tﬂe last two, but the results would be oriented more specifically to
a Tixed location. 8 For present purposes, it will be sufficient to use fixed overall
energy conversion efficiency factors. The use of such factors relies on a mean repre-
sentative effect of other climatological variables, as noted above, and also consti-
tutes an oversimplification in the sense that conversion is typically a nonlinear
function of energy intensity. The fixed overall energy intensity being used is, in
truth, the average of a yearly pattern that shows considerable variation on a daily
and on an hourly basis.

A second difficulty with the use of a single yearly average radiation is that
energy storage needs depend on the frequency distribution of radiation intensity.
The duration of cloudy weather on any one day must be considered as part of a pattern
in which preceding cloudy or sunny days have predetermined the energy that will be in
storage at the beginning of that day. Thus, it is necessary to consider patterns of
radiation described in a complicated statistical menner or to evaluate equipment per-
formance for a specific identified period (e.g., a year) of weather observations.
For the latter purpose, a recursive system such as shown in Figure 1 is required.

‘This system is being used by the author for computer evaluation of solar equipment.

The use function of output energy is equally important. A use function that
reguires energy during daylight hours only will need less storage than one intended
to supply electricity for night lighting. For the sake of equipment evaluation herein,
the problems created by the frequency distribution of sunlight and by the use function
will not be explicitly resolved. Instead, equipment will be evaluated with different
assumed requirements for storage expressed as pumber of days capacity at the assumed
solar radiation intensity level of 140 Kcal/cm., yr. In practical applications of
solar power units, cases will undoubtedly be encountered in which it is not desirable
to attempt to provide sufficient storage, whatever the use function. Such a case is
found where the yearly weather pattern regularly brings extended cloudy periods, as
in the monsoon climates. In such instances, standby conventional equipment will have
to be provided if a solar energy source is to be used at all, or, it might be neces-
sary to employ an alternative use function, depending on the value of energy input
for the case at hand. A third possibility is to integrate a wind power system in
parallel with a solar power system. In many cases, this approach offers some promise
of reducing storage needs. The exact advantages, iE any, depend on a comparison of
costs of wind power and storage for a given output. 9

The two principal components of most solar devices-are the collector and the
storage unit. Where a high temperature heat source is required, as in most power
systems, a focussing collector is used. This in turn requires that direct sunlight
(direct radiation) be available. Other collectors, such as used for space heating,
are nonfocussing and can collect energy in the form of diffuse radiation on cloudy
days. Diffuse radiation accounts for about 15 per cent of the radiant energy on clear
days. On cloudy days, diffuse radiation may actually increase in absolute value if
sky cover is thin or may decrease (in absolute value) if sky cover is heavy.5o
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Economic optimization of equipment design is achieved in any given climate by
valancing the cost of collector against the cost of storage for a given energy out-
put with a given level of reliability. Refer to Figure 1. Thus, a given level of
@, say 99 per cent, can be achieved either by increasing the size of the collector
or by increasing the capacity of storage. When the size of collector is increased,
more energy is collected during sunny days and storage is kept to a level close to
its capacity. At the same time, more energy is lost through storage overflow,d,.
¥When the capacity of storage is increased for the same collector size, more 1s
stored, less is collected and less is lost through storage overflow.

In existing equipment, collector expense is typically higher than storage ex-
pense. This means that optimization usually requires an expansion of expenditure on
storage. The optimum is achieved when the marginal expenditure on collector and the
marginal expenditure on storage both yield the same incremental gain in output at the
giveng level, DNeedless to say, it will not be possible to carry out such optimization
with the simplified approach used herein. The@®reliability of equipment cannot be
specified at the present time (or in absence of a more specific climate description
and use function) and hence we can hope only to cover the probable range of costs.

One might think of increased system costs for the same average output as expenditures
for the sake of higher quality energy.

Solar Power Systems

Three types of solar power systems will be considered: (1) thermoelectric;
(2) thermodynamic (Tabor); and (3) solar pond. Cost estimates for the three are
shown in Table 5. The technologies are in various states of development and cost
estimates are by no means as firm as they were for nuclear electric power. Annual
equivalent capital costs are calculated at 6 per cent interest with sinking fund de-
preciation. No tax burden is imputed to the solar equipment in recognition of dif-
ferences in tax structures throughout the world. It will be noted that fixed kilowatt

capacity is rated at an energy intensity considerably above the yearly average, though,

of course, the kilowatt-hour output is based on the ycarly average.

. The thermoelectric and thermodynamic systems are focussing systems and hence use
only direct normal radiation. The thermoelectric system uses a paraboloid reflector
which i's continuously adjusted so as to remain normal to the solar beam at all times.
The Tabor unit achieves energy concentration by focussing direct radiation in long
cylindrical reflectors that are adjusted on an east-west axis in such a way as to

set the aperture of the cylindrical reflectors approximately normal to the sun's rays
at solar nocon. The solar pond is a nonfocussing device that uses all radiation
(direct plus diffuse) on a horizontal surface. In making the calculations for

Table 5, direct radiation was separated from diffuse radiation using methods described
in the reference cited by footnote 50, above.

The thermoelectric system consists of an 8-foot diameter paraboloid collector
focussed on a thermocouple cluster. The load and a-lead-acid storage battery are
connected in such a way as to:achieve maximum electric power output. An overall
energy conversion factor of 4 per cent is used to take account of all energy losses
(opticel, thermal and electrical). Representative costs are reported, based on a
questionnaire survey of manufacturers of thermocouples, adapted from earth satellite
power applications. Since the costs are representative, no single physical thermo-
couple is envisaged. In the questionnaires, respondents were asked to estimate costs
on two bases: (l) costs of existing devices, often built for experimental purposes;
and (2) costs of similar devices as they might exist with volume production. Costs
in the latter category are used for the thermoelectric system.

The Tabor unit focusses energy on tubes in which vapor is heated to drive a
highly efficient small turbine designed for the system.5 Energy is stored by a
phase transformation at about lSOo C, but other information about storage is not
available. A full scale pilot unit of the system has been constructed. The costs’
have been estimated by Dr. Tabor for production of parts using the technology of the
experimental unit.
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FIGURE 1

SOLAR ENERGY FLOW DIAGRAM
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FIGURE 1 (continued)

" Note: 1. All use occurs at the end of a time period
2. Priority of use is ep, then sp
3. All energy is put in storage at the end of a time period

Initial conditions:
So = amount in storage at time O.
S = Sgtdy -4p - 8y ' ‘

Per formance measurement:
1 if e, +8, =1,
Let Q"=
0 1if e +8y<rp
Then¢=%;¢n is the number of time periods sufficient energy was available

Source: The author is indebted to Professor Jesse Shapiro for this conceptualization.
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" TABLE 5

_ESTIMATED SOLAR POWER COSTS

(180 Keal/cm?,yr. global radiation on a horizontal surface =
194.5 kwhr/ft<,yr. global radiation on a horizontal surface)

Available
radiation,
kwhr/£t2,yr.

Size, x?
Output, kwhr/yr.

Capital costb
$
$/kW

Annual equiv.
capital cost,
mills/kwhr.€

no storage

1 day storage

2 day storage

3 day storage

5 day storage

Operation and
Maintenance

a

Thermoelectric

unit

238
direct
normal

0.1759

- 481,49

295,
1690.

83.3
103.0
121.8
141.0
179.6

?

but not for the solar pond.

Thermodynamic

(Tabor) unit
185
direct, with
adjustment around
east-west axis

4.64

10,070.¢

3100.
668.

51.6
56.6%

?

Solar Pond

(based on design only)

194.5
global on
horizontal

sur face

2 8
14,000/ kn
31.5 X 105/kn? &

¢ b
roughly 3.0 X 10
214

g.221

about 4.0

Installed capacities are rated at the high energy intensity level of 80 cal/cmg,hr.
(= 757 kuhr/fe.,yr.)

Capital cost is exclusive of storage for the thermcdectric and thermodynamic systems,

¢ Annual equivalent capital cost is calculated using 6 percent interest with sinking fund

depreciation.

ed useful lives.

Assuming 4 percent energy conversion efficiency.

Different components of each system are evaluated using different expect-
The term ''1 day storage'' means 24 hours of storage.

€ Computed by linear extropolation from the 10,000 kwhr output reported by Tabor with an
available insulation of 185.0 kwhr/ft.,yr.

rates of production will last 18 hours.
the capital cost list above.

The Tabor thermodynamic unit includes only 16 kwhr of storage, which at the assumed

A standby boiler and controls are included in

The standby equipment can be obtained to burn any suit-

able fuel such as kerosene, gas, fuel oil, wood or agricultural wastes. Beyond the

16 kwhr of storage, the designers recommend use of the standby.

Assuming 1% percent energy conversion efficiency.
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TABLE 5 (continued)

h calculated by using Tabor's figure of $250,000. for the bare pond with free brine
available, plus $200/KW for power generating equipment of the type required as in
R. L. Hummel, "Power as a By-Product of Coumpetitive Solar Distillation", United
Nations, EfConf. 35/S/15 (Rome, 1961). A twenty year life of these components was
assumed.

Storage and,cbllector are combined in the solar pond. The thermal inertia of the
pond is so great that no storage shortage can arise within a time period of weeks
or perhaps months after the pond reaches an adequate temperature for operation.

Source: Thermoelectric System: Representative figures from questionnaire survey
conducted by Richard A. Tybout and George 0. G. Lof, Winter 1961-62.
Thermodynamic System: H. Tabor and L. Bronicki, '"Small Turbine for Solar
Energy Power Package', United Nations E/Conf. 35/S/54 (Rome, 1961), supple-
mented by personal correspondence.

Solar Pond: H. Tabor, ''Large Area Solar Collectors (Solar Ponds) for Power
Production" United Nations E/Conf. 35/5/47 (Rome, 1961), except as noted
in footnote h.
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The solar pond is not yet a technologically proven device. Also conceived by
Dr. Tabor, the object is to suppress convection in a stationary pond of water and
hence to use the water as an insulator over an artifical black bottom about 1-2
meters deep. To prevent heat transfer by convection, Dr. Tabor and his associates
at the National Physical Laboratory of Israel have attempted to stabilize a density
gradient of magnesium chloride or other suitable salt to have a high concentration
(and high density) at the bottom tapering off to negligible concentration at the top.
Numerous technological problems have been encountered, 2 among them the problem of
extracting heat from the bottom while maintaining a tolerable temperature gradient.
Prospective costs (contingent on technological success) are worth noting. The data
are given in square kilometers of surface, indicating something of the size of an
operating pond envisaged by its designers. If fresh water is at a premium, it
would be possible (other problems solved) to combine distilled water production with
electric power production to the economic advantage of both.

A1l of the solar power systems shown in Table 5 have costs at least one order
of magnitude above those of nuclear power and even so are straining at the edge of
the technically feasible. Strictly speaking, however, solar and nuclear power are
not comparable because of differences in size. Also relevant is the fact that the
technical manpower devoted to solar energy has been infinitesimal compared with that
which has been devoted to nuclear power.

The small size of the solar power units places them in competition with diesel
electric power. The cost of the latter in overseas installations is often relatively
high. For example, as part of current efforts for the development of the Brazilian
Northeast, a large number of diesel plants are being installed, ranging in size from
28 KW to 250 KW capacity.53 The plan is to establish the same rates for electric
power throughout the area regardless of the location of the diesel units. In point
of fact, there is a fifty per cent variation in cost of diesel fuel among places to
be served. The rate to be established is 46.3 mills/kwhr in the early years of the
project, ultimately to be reduced to 36.9 mills/kwhr as higher use factors are ob-
tained. With regional variations in diesel fuel costs, there are localities where
the true costs are of the same order of magnitude as the Tabor unit, though a number

of difficulties remain in making the comparison. For example, the dieselization

program requires the training of large numbers of service mechanics. What would be
the requirements with solar power? Anticipated daily use patterns do include night
lighting in Northeast Brazil, but also important daytime loads. Similar findings
apply to high diesel fuel areas of rural India. A full analysis of the comparison
between diesel and solar power camnnot be made here, but it is clear that solar power
costs are of the right order of magnitude for certain applications in the small
power field. If, as a nation, we are interested in the energy resource problems of
less developed areas, it appears that solar power warrants increased attention.
Enough has been said to show that its applications will be complementary with nuclear
power from an economic development standpoint.

Solar Space Heat

The greatest potential bulk market that appears within reach of solar technolo-
gies is in space heating. As previously noted, approx1mﬁtely 20 per cent of all
energy consumed in the United States is for space heat. Putnam estimates that by
year 2000, solar space heat will carry one-fifth the total comfort heating load.?>

© One might infer that the prospects are at least as attractive at the same latitudes

(north and south)vthroughout the world.

Solar space heat can be made available in greater or smaller degree by the
architecture of a building without any special solar energy equipment. All buildings

‘with south-facing windows (north—facing in the southern hemisphere) derive considerable

direct heat from the sun. Design for capture of this portion of the total solar energy
and design for other purposes are inextricably related. The same can be said of
thermal insulation, of the heat absorbing qualities of interior furnishings and other
attributes of any given structure. Overall optimization of architectural and solar
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heating design is required for each separate location, though for purposes of the
broad general comparisons to be made herein, it is sufficient to consider a single
standard dwelling in all locations. ’

A related complication is found in multiple outputs of the collector system.
A solar hot water heating component is generally added to the space heater. Space
cooling arrangements and facilities can be included. The result is to produce
several outputs all of which use some parts of the solar equipment in common and
all of which have their own incremental costs. Cost finding in such cases becomes
complicated and some semi-arbitrary cost allocations cannot be avoided.

An entirely different kind of output that can be furnished by solar collectors
is shelter. Solar collectors may constitute the roof and/or south wall of a building.
In such cases, they furnish a shelter service that would otherwise require the con-
struction of a conventional roof and/or wall. The shelter and energy outputs of the
collector are different products with a common cost. It is appropriate to recognize
this in calculating the cost of solar space heat.

The solar energy system to be analyzed in the present comparison avoids the
problem of allocating costs among space heating, space coding and shelter by the
simple expedient of including only a single output, heat, which is used for two pur-
poses, space heating and hot water heating. The total useful heat for both purposes
lumped together is evaluated at the cost of the solar energy system less the capital
cost of a conventional furnace avoided. ‘The solar energy "costs” so obtained are
then compared directly with conventional fuel costs, for once correction has been
made for the conventional furnace, the only other costs avoided by having solar
heating is the fuel cost. Since solar heating requires ‘a large capital investment
and very low operation and maintenance expenses, this means that the annual fixed
charge on capital again assumes crucial importance. The comparisons will be made
using a 6 per cent imputed interest with sinking fund depreciation. No tax burden
is assigned since solar heating is best for private residences, not for commercial
buildings unless small (1 or 2 story) buildings are considered. Capital used for
business purposes would have to be evaluated with due recognition of an additional
tax responsibility.

Operation and maintenance on a solar energy system consist of electricity con-
sumed, annual cleaning of the collector cover and whatever repairs are necessary.
The system can be designed in such a way as to require very little maintenance and
have a long life (25 years). Such a system is considered herein. Alternatively, a
cheaper structure can be used, especially for the collector, at the expense of higher
maintenance and shorter life. Then, the system is less capital intensive and more
labor intensive. The higher the cost of capital relative to labor (one's own labor,
if appropriate), the more economically efficient it is to use a cheaper, less durable
collector: ; : '

Table 6 gives estimates of solar heat costs for hot water plus space heat in a
standard (representative solar heated) house located in different parts of the United
States. Costs shown in Part A are for a solar heating system in current use for
heating a residence near Denver. The collector is mounted separately at a southernly
tilt on a flat roof. The collector area is relatively small compared with house
heating needs and, in fact, supplies only about one quarter of the heat required
over the course of a year. A conventional auxiliery furnace supplies the remainder.
Costs in Part A are given under two headings, “"experimental" and "commercial." The
experimental unit is the one actually in operation, except as noted in footnote f
of the table. The commercial unit is of the same design as the experimental unit
but with costs estimated for mass production of the parts and corresponding improve-
ment in techniques of assembly and installation. The estimates have been carefully
compiled but in their nature are subject to normal estimating errors.
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TABLE 6
SOLAR HEAT COSTS
Part A

Colorado House Solar Heat Costs, dollars
(Collector Area = 530 square feet)

Hot Water Present Unit Prospective Unit
Components (Experimental) (Commercial)
Capital
Solar equipment 250 50
Assembly and installation 150 50
Standard gas heater 230 230
Total 630 330
Space Heat and All
Other Components
Capital
Collector 3200f 1200f
Storage 350 350
Special controls and equipment 1230 200
Standard equipment 730 700
Assembly and installation 3840 800
Total 9350 3250
* Saving on conventional furnace -800 =600 -800 -600
Net capital cost 8550 8750 - 2450 2650
All Capital Costs 9180 9380 2780 2980
' Annual equivalent capital costs® 704. 735. 218.  235.
Annual operating and maintenance 20. 20. _20. 20.
Annual Total 724, 755. 238, 255.

Part B

Performance of Standard House with Long Term Average Insolation

Blue Hill Medford Columbia Atlanta Albuquerque

. Mass. Ore. Mo. Ga. N.M.
Degree days/yr.P 6,392 4,547 5,113 2,826 4,389
I Conventional furnaﬁezsaving, $ 800 600 800 600 800
N Collector Area, ft 1,410 1,970 1,280 640 710
t Capital costs, $¢ 5,780 8,090 5,280 3,070 3,130
Annual costs, $§
' Equivalent annual capital costs® 452 634 414 241 245
\ Operation and maintenance 33 74 48 _24 27
' Total 505 708 462 265 272
; Insolation (tilted at latitude plus 15°) 695 1,172 744 391 558
; Solar house heat supplied, 108 BTU/Yr. 169.4 159.1 119.4 98.9 123.9
‘ Solar water heat supplied, 10% BTU/yr. 2.5 24.4 24.0  23.0 23.5
! Total solar heat supplied, 108 BTU/yr. 193.9 183.5 143.4  121.9 147.4
v Solar energy cost, $/10% BTU 2.60 3.8  3.22  2.08 1.85
’
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TABLE 6 (continued)

Part C
" Conventional Fuel Costs, $/106 BTU®

Boston Portland St. Louis Atlanta Albuquerque

Mass. Ore. Mo. Ga. N.M.
Anthracite 1.86 " not
Bituminous coal 2,22 1.33 1,53 available
Fuel oil 2,04 1.88 2.13

Gas 1.62 1.62 1.06 1.06

2 calculated using 25 year expected life with sinking fund depreciation and 6 percent
interest rate. TImplicitly the same treatment is being given to capital saved on
conventional furnace as to solar equipment capital.

The number of degree days is computed by adding the differences between the average
daily temperatures (in°F) and 65° F for all lower atmospheric temperatures.

Capital costs are based on prospective commercial unit adjusted as follows: (1) col-
lector plus assembly costs are assumed the same per square foot of collector area in
all locations as in the Colorado house prospective commercial unit; (2) all other
solar heating system costs (including both space and hot water heating) are assumed
identical in all other locations as in the Colorado house prospective commercial
unit; and (3) conventional furnace costs saved are subtracted in the indicated
amounts from the total found in steps (1) and (2).

Operation and maintenance costs based on Colorado house prospective commercial unit
prorated by area of collector for each location.

The following national average heat efficiencies were used: gas, 80 percent; anthra-
cite, 62 percent; bituminous coal (stoker), 59 percent; oil, 57 percent; and bitumi-
- nous coal (hand fired), 48 percent,

3,000 gal. water tank substituted for rock bed in actual use at Colorado house.
Cost of tank provided by E. Speyer. See Source for Part B.

Source: Part A. Costs reported on experimental unit by owner of Colorado house,
G. 0. F. Lof except as indicated by footnote f. Cost estimated for com-
mercial production of same solar heating system by G. 0. G.’ Lof.

Part B. Fundamental data on performance are from E. Speyer, "Optimum Storage
of Heat with a Solar House', Solar Energy, Vol. III ( December, 1959),
pp. 34-40. Costs are from Part A, as explained in footnotes.

Part C. American Gas Assoclation, Gas Facts 1961-62, p. 238.

i
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It will be noted that a standard gas heater is included with the solar hot water
costs. This is an oversized heater that will serve the function of furnishing auxi-
liary heat in the fictitious house used as a standard (not in the actual Colorado
house). ‘Since our standard house has water storage of solar heat, the oversized hot

water heater is connected in such a way as to deliver additional heat to the water
in storage when, as and if needed.?

Part B is based on calculations made by Speyer for the standard house in dif-
ferent locations.?7 Speyer's calculations were based on average weather conditions
month-by-month and took account of patterns of weather in sequence, insofar as such
patterns are represented in averages.58 Needless to say, different results would
have been obtained if nonaveraged data had been used on an hour-to-hour or day-to-day
basis. The object of design was to satisfy average weather requirements on the assump-
tion that gas heat would be used for hot water during the months of December, January
and half of February. The optimum storage capacity was found to be 3000 gallons of
water in all locations shown, but collector area varied widely. The solar heating
system used by Speyer was not completely described in his study, but was clearly re-
presentative of technologies in existence today.59 It is used here to describe the
performance of the solar heating system costed for the Colorado house in Part A.

The effect of different weather conditions on output are illustrated in Part B.
Thus, the collector area required in Medford, Oregon is considerably greater than
that in Blue Hill or Columbia despite the fact that Medford has a lower average number
of degree days. This results from the high frequency of overcast winter skies in
Medford. The more southern locations in the United States can achieve relatively
greater advantage from solar heat, as exemplified by Atlanta, but the greatest advan-
tage is in locations such as Albuquerque where a high heat demand, due to altitude

above sea level in this case, is combined with a relatively low latitude and clear
skies.

Part C in Table 6 gives the basis for an approximate cost compariscn. Since
capital investment in conventional furnace facilities has been subtracted from the
capital costs of the solar heating systems, the remaining costs of solar heating
capital are comparable ‘to the fuel costs from conventional energy sources. The latter
‘are shown in Part C of Table 6 for locations in the same climate areas used by Speyer
(except for Albuguerque, for which fuel cost data were unavailable). The approximate
nature of the comparison should be emphasized. The demands on the solar heating
systems in different locations were a function of Speyer's standard house design.
Architectural improvements would reduce the requirements of solar energy, but also
the requirements for conventional heat. Differential effects of architectural changes
could not be investigated in the present comparison.

The cost comparisons in Table 6 show that present technologies, even with the
advantage of commercial production, do not offer. as low a cost of heat as that afforded
by commercial fuels in the special context of the comparison. Nevertheless, solar
heat costs appear sufficiently close to conventional heat costs that any one of a
number of circumstances could make solar heating economically attractive. A techno-
logical break-through in collector design would have the greatest effect. Short of
this, the design of multiple purpose units that serve a shelter purpose and a space
cooling purpose (where this last output has sufficient value to cover its own special

. equipment costs) would reduce space heating costs. Several such designs are in use in

various experimental buildings, but they have not benefitted from the commercial scale
of production assumed for the unit in Table 6.

The requirement of electrical energy to drive pumps and blowers reduces the pros-

pects for use of solar space heat in less developed countries. Technologies combining

solar power and solar space heat can, of course, be designed for use where electricity
is not available, but with the disadvantageous position of solar power today, these
would be of still higher cost. Fortunately, space heating demands are not as urgent
as other kinds of energy demands in most underdeveloped areas.
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-Solar hot water heating, on the other hand, is already widely practiced. About
350,000 units were in use in’Japan in 1961 and about 10,000 in Israel.®? A large
number of solar hot water heaters are found in North Africa and until gas became
cheap in Florida, they were in frequent use there. Many are of the simple box type,
quite inexpensive and, of course, subject to vicissitudes in the arrival of solar
energy. The energy load carried by solar hot water heaters is small, but not to be
ignored. Speyer assumed a hot water demand of 120 gallons per day heated to 140° F,
Compare in Table 6 the relative heat needed to satisfy this demand with that required
for space heating in the different locations, remembering that in Speyer's calcula-
tions the hot water load is satisfied by conventional fuel for 2% of the twelve
months. :

Solar Distillation

Several hundred small home solar distillers and gquite a few of larger size are
in operation in the arid regions of Mediterranean North Africa and the Near East. .
Others can be found, often on an experimental basis, elsewhere in the world. Repre-
sentative costs have been estimated for three kinds of distillation technologies in
Table 7. The small roof distiller is made of blackened asbestos cement with a glass
cover. The tilted wick (Telkes) unit evaporates water from a replaceable terry cloth
surface over which brine descends. The deep basin design evagorates by batch or con-
tinuous process from ponds filled to a depth of about 1 foot. 0 A number of other
technologies are now under investigation, including forced convection systems, multiple
effect evaporation and the use of inflatable plastic covers of various designs.

The data shown in Table 7 bring out once again the emphasis of solar technologies
on small scale applications. Even at the relatively larger output of 100,000 gallons
per day, solar distillation in the United States is more expensive than conventional
fuel distillation. The costs of the latter have been estimated at an attainable
level of $1.50 per thousand gallons at the 100,000 gallon per day output.6l The
costs of solar distillation are close enough, however, that communities in the Medi-
terranean area find it economically advantageous to install solar distillation faci-
lities. Their calculations on this point are sometimes influenced by local unemploy-
ment (which can be used for solar plant construction) and the coincident problem of
acquiring foreign exchange to finance fuel imports. The comparative advantage of
solar energy in this case is analogous to that potentially existent for solar power
applications.

Future Applications

There is ample prospect that nuclear power will be more widely used in the United
States, hopefully with due recognition of its social costs as well as its economic
benefits. It is also quite conceivable that solar energy will assume some of the
space heating load in the American economy before the end of the twentieth century,
but this depends on further technological progress.

In overseas areas, the significance of unconventional resources is comparatively’
greater. Conventional energy resources in this country show no signs of exhaustion
in the foreseeable future or of experiencing important real cost increases before the
end of the present century. 2 The same cannot be said of several other world regions.

Western gurope, the world's historic coal exporting region, is now a net importer
of all fuels.®3 High density markets and high energy costs have given impetus to
substantial programs for installation of nuclear power, in Britain and on the conti-
nent. The same logic applies to Japan.

Even more difficult is the energy resource position in which most of the less
developed nations find themselves. The most serious energy resource problems are in
prospect before the end of the twentieth century for the Latin American countg&es as
a whole, for Asia except the Soviet Union and mainland China, and for Africa. It
the low income nations in these regions are to achieve the standards of living they
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TABLE 7
ESTIMATED SOLAR DISTILLATION COSTS
(180 Kcal/cm?, yr. global radiation on a horizontal

surface = 194.5 kwhr/ft?, yr. global radiation on
a horizontal surface)

Roof Tilted Deep Basin
Evaporator® wick sti1tP stil1€
Available 194.5 - 226 194.5
radiatign, global, on hori- global, on global, on hori-
kwhr/ft$,yr. zontal surface tilted surface® zontal surface
Size, ft? surface 12.4 25 1.1 % 106
Output, average
annual, gal/day 1.435 4,21 100,000
Capital cost, § 61.5 38.0 1.12 x 108
Expected life, years 20 5-10 50
Annual equivalent
' capital cost, $/10009 gal. 10.27 5.88 - 3.36 1.95
Operation and
; maintenance, $/1000 gal. 4 .00 1.63 0.263
b Total cost, $/1000 gal. 14.27 7.51 - 4.99 2.21

4 Representative costs based on hundreds of units already in use in Mediterranean
\ North Africa.

b Costs of experimental units, 20 or 30 of which have been constructed. Costs could
be expected to decline somewhat with volume production.

i C Costs estimated by scale-up of 300 gallon per day experimental unit, taking
advantage of minor technological improvements.

E d Annual equivalent capital costs calculated using sinking fund depreciation with
5 6 percent interest.

e Tilted at fixed angle so that plane of surface is normal to solar beam at the
} equinoxes,

P Source: Estimates were all derived from questionmaires circulated by Richard A. Tybout
' and George 0. G. LOf in Winter, 1961-62.
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so strongly desire, they will have to rely in part on fuel imports and/or expand their
use of unconventional energy resources. Indeed, if they are to attain even moderate
rates of per capita income growth, they must face the same choice.

Unfortunately, both atomic and solar energy involve capital intensive technologies.
The scarcity of capital in less developed countries is well known. This fact works in
favor of conventional fuel applications which, as we have noted throughout, are less
capital intensive. Working in the counter direction, of course, is the expense of
conventional fuel, transportation, often over tedious overland ways. Where fuel imports
are concerned, there is the additional disadvantage of foreign exchange problems. The
value of foreign exchange is typically greater to a less developed country than is
its domestic currency. Moreover, the ratio of the value of domestic currency to foreign
exchange tends to be lower the lower the per capita gross national product of the
country. > Not only does this fact work against conventional fuels, but it can work
against nuclear power, most of the expenses of which require the use of foreign ex-
change. A large part of the expense for solar equipment, on the other hand, can be
met by domestic manufacture in less developed countries.

Additional insights can be obtained by considering the kinds of markets nuclear
power and solar energy can serve. The high quality of nuclear electric power has been
noted. It can be useful for the high density markets of new industrial centers and
large urban areas. With some improvements in cost, solar energy can help the low den-
sity areas where cottage industry, village refrigeration, water pumping and like appli-
cations are the needs of the hour. The two unconventional energy resources are comple-
mentary insofar as their uses in less developed areas can be foreseen today.
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Total 13.97

¥national averages
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A full statement of the environmental health problem by AEC follows:

- "When nuclear activities were small in scale, wastes involving very low
specific activities could be discharged to the environment without unduly
raising the radiation background level. Freedom to so dispose of them may
be increasingly restricted in the future, primarily because of the rapidly
increasing amounts and, secondarily, because acceptable envirommental limits
have been reduced. Hence, it will be necessary for the waste management re-
search and development program to develop, on an expeditious basis, improved
and more efficient methods for decontaminating large volumes of low-activity
waste and concentrating the radiocactive materials removed. In a related

. sphere, continued support must be.given to environmental investigations to:

(l)-determine the ultimate fate of specific radionuclides in land, in water
and in air envirorments; (2) establish reasonable technical criteria for safe
disposal of very low level radioactive effluents into the environment. Such
programs are, and must be, pushed with vigor." U, S. Atomic Energy Commission,

Civilian Nuclear Power, A Report to the President, 1962 (Washington, 1962), p. 55.

Tbid., p. 55.

Ibid. Of high level waste disposal, AEC states, "The problem is technically
soluble, but costs are not known." p. 55.

Op. cit., note 14, supra. The absolute values of his estimates are 4.21 mills/
kwhr for a 600 MW plant and 10.37 for a 50 MW plant.

Yoram Barzel, "Productivity in the Electric Power Industry, 1929-1955," Review
of Economics and Statistics, Vol. 45, (November, 1963), p. 402. This result is
based on a cross-section analysis for 1959 of plants that commenced operation in
1953-1955. The sample size range was 28,000 to 1,400,000 kw. In a multiple
regression analysis, Barzel reports a coefficient of logarithm of size of 0.109
and a coefficient of logarithm of load factor of 0.373. Both coefficients were
highly significant in explaining variations in logarithm of plant productivity.

A fuller treatment of this subject will be found in W. Iulo, Electric Utilities -
Costs and Performance (Washington State University Press, 1960).

Op. cit., note 4, supra, p. 2k.

Using assumptions somewhat more simplified than those employed here, AEC has
forecast a schedule of adoption of nuclear capacity. See Op. cit., note 5,
supra, pp. 6L-67.

S. H. Schurr and J. Marschak, Economic Aspects of Atomic Power (Princeton Uni-
versity Press, 1950). :

Op. cit., note 5, p. 67. The estimate was reaffirmed by Commissioner Tope in his
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power savings, see Schurr and Marschak, Op. cit., note 30, Supra, Ch. 13.

S. H. Schurr, B. C. Netschert and associates, Energy in the American Economy
1850-1975 (Johns-HopKins University Press, 1960), p. 177-
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‘note 38, supra, p. 61.

Ibid., pp. 49-50.
Ibid., p. 86. With an overall national average consumption of water in the United
States of 1700 gallons per day per person for all uses, there are certain sea-
coast metropolitan areas where the demand would be sufficient to consume the out-
put of a billion gallon per day plant.

Idem.

P. C. Putnam, Op. cit., note 2, supra, p. 198.
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(Octover, 1964}, p. 59.

Compare H. E. Landsberg, "Solar Radiation at the Earth's Surface,"” Solar Energy,
Vol. V (July-September, 1961), pp. 95-98.

Such an analysis is being conducted by the author using computer simulation and

" equipment performance characteristics supplied by his collaborator Dr. George

0. G. Lof Five categories of equipment are being evaluated using U. S. Weather
Bureau data for eight climates representing all major world climates in the
temperate and tropica} regions except for "tropical rain forest," for which
adequate data are not available.

The subject is being investigated by the author, but more meaningful conclusions
cannot be drawn at the present time.

These relationships, and the problems of determining direct and diffuse radiation
intensities from data reported by the U. S. Weather Bureau, will be discussed by

the author in a forthcoming paper, "Statistical Separation of Direct and Diffuse

Solar Radiation.”
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Information which follows has been obtained from a number of different sources,
including especially The Ford Foundation office in Rio de Janeiro, and is sum-
marized here from unpublished materials on the economics of solar energy.

Note 3&, supra.

P. C. Putnam, Op. cit., note 2, supra, p. 181.

A design for this purpose is given in A. Whillier,"Contribution to Soldr House
Heating - A Panel Discussion," Proceedings of World Symposium on Applied Solar

. Energy (Phoenix, Arizona, 1955) and in "Principles of Solar House Design,’ Pro-

gressive Architecture, Vol. 36 (1955), pp. 122-126.

E. Speyer, "Optimum Storage of Heat with a Solar House," Solar Energy, Vol. 3
(December, 1959), pp. 24-48.

‘See discussion by Speyer, Ibid., p. 29.

I. Oshida, "Uses of Solar Energy for Water Heating," United Nations E/Conf. 35/
GR/13(8) (Rome, 1961), (rapporteur's report of session III.C.1).

The technologies represented here are described in many reports. For an early
summary, see G. O. G. Lof, "Demineralization of Saline Water with Solar Energy,"
Saline Water Research and Development Progress Report No. 4, U. S. Department of
the Interior (Washington, 1954). See alsc M. Telkes "Solar Still Construction,"
Office of Saline Water, Progress Report No. 33, U. 5. Department of the Interior
(Washington, 1959) and papers submitted in Session- III-E, United Nations Con-
ference on New Sources of Energy (Rome, 1961).

Estimate by U. S. Office of Saline Water, "Use of Nuclear Power for the Production

of Fresh Water from Salt Water,” op. cit., note 38, supra, pp. 82-86.

The magnitudes of prospective real cost increases are shown in R. A. Tybout,
Op. c¢it., note 3, supra, Ch. 1. ’

Fuel export and import data are reported in United Nations Statistical Series
J-7, Tables 3, 8, 9, 11 (serial publication).

See R. A. Tybout, Op. cit., note 3, supra, Table 6 and related discussion.

P. N. Rosenstein-Rodan, "International Aid to Underdeveloped Countries," Review
of Economics and Statistics, Vol. 43 (May, 1961).

For a discussion of AEC policies to alleviate this problem, see Commissioner

J. T. Ramey, "The U. S. Program for Advancing International Atomic Power,"
Nucleonics, Vol. 22 (July, 196L4) and an interview with AEC Chairman G. T. Seaborg
in the same issue.
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ECONOMICS OF CONVERSION OF FOSSIL FUELS TO ELECTRICITY

J.B. McClure W.D. Marsh

Electric Utility Engineering
General Electric Company
Schenectady, New York

INTRODUCTION

The conversion of fossil fuels to electricity has traditionally been accom-
plished in the following sequence of vrocesses: conversion to heat by combustion;
conversion to mechanical energy through thermodynamic processes; conversion to
electricity by dynamo-electric processes. Although more direct methods® are avail-
able, this paper will consider the economics of only this traditional conversion
sequence. Since most of the electrical energy produced in the United States is
generated by the Electric Utility Industry (91.5 percent in 1963), the economics
‘will be discussed in terms of that industry. In other industries electricity is
frequently a by-vroduct of other thermal processes. The economics is special and
diverse, and although it is of great significance to the industries involved, it is
not fundamental to an over-all view of the conversion of fuel to electricity.

Figure 1 shows the historical trend of generating capacity of the electric
utility industry in the continental United States and projections into the future.
A band is used for the nuclear projection to cover the range of current forecasts
by various industry groups. A significant point to be noted from this figure is
that although nuclear capacity is expected to become increasingly important after
1970, fossil fired thermal capacity still shows impressive growth. This indicates

that conversion of fossil fuels will for many years continue to be the major source
of electric energy.

In the electric utility industry, power cost is commonly considered to consist
of three components: fixed charges on investment, fuel, and operation and maintenance.
The fixed charge component is actually the revenue requirement, expressed as a level
percentage of first cost of plant to cover return, depreciation, Federal Income Tax,
and other taxes and insurance. The fuel component is the product of conversion
efficiency and fuel price and includes a charge for fuel inventory. Operation and
maintenance includes the cost of labor, materials, and supplies. Table I illustrates
the calculation of total power cost from a typical modern steam unit.

It should be noted that these costs would not be realized in an actual
electric utility system because of the practical requirements of part load opera-
tion (which increases heat rate) and reserve capacity (which increases effective
investment cost). These points will be discussed in more detail later.

The economics of energy conversion can best be discussed in terms of the actual
apparatus that produces practical renditions of the processes involved. Accordingly,
the discussion to follow will consider power cost components of: diesel engine
plants, gas turbine plants, steam electric plants, and combination cycle plants.

* The fuel cell accomplishes the conversion to electricity in a single step.
Thermionic, thermoelectric and;magnetohydrodynamic (MHD) methods require two
steps: combustion to produce heat; and then direct conversion to electricity.
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TABLE I
Investment, $;kw 11C
Fixed Charges, mills/xwvh 1.89
(12% F.C., 80% Cap. Factor)
Operation and Maintenance, mills/kwh 0.25
Fuel Cost, Burn-up, mills/kwh ] 2.20
(8800 Btu/swh, 25¢/M Btu)
Fuel Cost, Inventory, mills/kwh 0.07
(90 days inventory at 10%)
“Total Fuel Component, mills/kwh 2.27
Total Power Cost, mills,kwh b4

PLANT INVESTMENT COMPONENT OF POWER COST

In order to translate plant investment into a power cost component, the fixed
charge rate on investment and the capacity factor at which the plant operates, must
be considered. Fixed charge rates vary from 10% per year to 15% per year, depending
on the type of financing, i.e. the proportion of bonds, preferred stock and common
stock; earnings permitted by the regulating commissions; rate of depreciation; and
state and local taxes.

Internal Combustion Plants

Diesel-engine generator plants vary over a wide range in installed costs,

" depending on type of engine, speed, size and type of service for which intended.
They may be installed for as low as $85/kw for sets designed for short time peaking
service to as high as $200/kw for sets designed for heavy duty, full time base-load
service.

Gas turbine generator plants also vary over a wide range in installed costs
depending somewhat on rating but to a greater extent on the design efficiency. A
relatively low efficiency simple cycle gas turbine plant for vpeaking service may be
installed for as low as $70/kw, while a 2-shaft machine with regenerative cycle may
be as high as $150/kv.

Steam Electric Plants

The installed cost per kw of steam electric stations has shown outstanding
progress over the years, in spite of inflationary trends. This has been largely
the result of the combined efforts of electric utility engineers, consulting
engineers and equipment manufacturers who have displayed great courage and ingenuity
in successfully applying ever increasing ratings. (Fig. 7) The downward trend in
"station costs per kw is also attributable to adoption of the unit system (1 boiler,
1 turbine-generator, 1 step-up transformer bank) and continued effort toward design
simplification throughout the plant. Fig. 4 shows the downward trend in $/kw versus
size, including the effect of typical steam conditions for the size of unit being
considered. The indicated band will account for difference in site conditions,
plant design concepts and local construction costs.  Table I1 shows the relative
installed costs of the major equipments in a typical steam-electric plant.

-
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TABLE IT
‘Site and Structure (Boiler) v 16%
Steam Generator (Boiler) and Draft Equipment 25
Feedwater System and Piping 10
Turbine Generator 22
Condenser and Circulating Water System 8
Electrical Equipment 5
Coal Handling 6
Step-Up Transformer and High Yard Equipment _8
100%

Other design factors influence the installed cost: a plant designed for oil
or gas firing will reduce vlant costs by $15 - $25 ver kw; the range from an all
indoor plant to the full outdoor design in the order of $5 - $10/kw; a wet type

‘cooling tover where a moderate water suppiy is available adds $5 - $10/kw over the

more conventional river, lake or ocean source; and a dry type cooling tover--for
locations with minimum cooling water--will add $20 - $30/kw.

Steam Generators {Boilers)

Steam generator equipments offer the designer a real challenge to arrive at
an optimized product after due consideration of many narameters. The grestest
single unknown is the quality of fuel, in the case of coal, that will be burned
throughout the life of the equipment and with which it is expected to meet the
rated output. Over the yvears, the cost per unit of outout has steadily decreased,
primarily by taking advantage of the increased knowledge, gained through design
and operating experience, pertaining to the many factors which can be utilized to
increase the compactness of the equipment.

Higher temperatures and pressures permitted by modern metallurgy, reduce
the required steam flow per kw of plant output. Increased knowledge of water treat-
ment, of water circulation characteristics, of gas distribution in the pressurized
furnace and the adoption of intermediate furnace walls, or twin furnaces, all
contribute to compactness. At the higher nressures, use of forced circulation and
elimination of the steam drum both contribute to reduction in materials.

Today, single steam generator equipments are being designed for flows approach-
ing 8,000,000 #/hr--corresponding to a station output about 1200 m.

Turbine Ganerators

The turbine designer has kept pace with the rapid increase in ratings, stiil
showing a continued decrease in unit investment by arriving at designs with more
and more compactness. A high rated turbine must pass high steam flow and the
required orifice areas are obtained by longer buckets on larger wheels and in the
lower pressure area of the turbine by providing multiple flow paths. These design
features imnose greater forces on the main casing flanges, greater centrifugal and
bending forces on the wheels and buckets and greater spans between bearings.

These and many other requirements are successfully met by the use of new alloy
metals and design ingenuity--all resulting in higher outputs ver unit of equioment.

High speed, 3600 rpm, turbines are applied for almost all modern high-
vressure, high-temperature, steam conditions. Tandem turbines--one turbine and
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one generator--are today on order in ratings up to 700 mw. For still larger
ratings the cross compound turbine is applied where two turbines are used in
series in the steam path and each turbine has its corresnonding generator. The
high-pressure 3600 rpm turbine. exhausts into a low-pressure 1802 rpm turbine where
sufficient orifice area for the very high steam flows to the condenser is more
readily obtained. Cross compound set ratings as high as 1130 mw are on order.

In nuclear fueled plants, where the steam conditions are appreciably lower
than in fossil fueled plants, 1800 rpm tandem turbine-generator set ratings of
750 mw are on order.

While steam generators and turbines have been increasing in rating, the
associated generators have zlso been Keeping pace. As a first step, air has been
renlaced by hydrogen as a cooling medium in the generator casing. The latest
development for the larger ratings was the introduction of the conductor-cooled
generator vhere the rotor is designed so that hydrogen gas is in direct contact
with the rotor conductors and where the armature bars are arranged for gas, oil or
water to be in direct contact with the conductors for removal of heat loss. These
design techniques have permitted spectacular increases in rating from the same
physical size equipment.

Combined Cvcle Plants

Some attention has been given to the combined gas turbine -~ steam turbine
cycle where a conventional steam electric plant is essentially topped by a simple
cycle gas turbine generator set, and the exhaust gases are used for combustion in
the steam generator. Such a plant with outvut in the order of 250,000 kw is in
successful operation, using gas as the fuel. Although this kind of plant requires
added investment per kw, this is more than offset by the gain in efficiency. The :
videspread application of combined gas turbine - steam turbine plants awaits the
development of successful coal firing. ]

‘Several years ago, when conventional units were in the 100,000 kw range and
with heat rates 10,000 Btu/kwh or higher, plants with mercury cycle topping and heat
rates of 9000 Btu/kwh received some interest. Since that time, however, the progress !
in heat rates of conventional cycles has reached the point where the mercury cycle
practically cannot be justified because the heat rate gain is more than offset by
the extra investment in plant equipment.

FUEL COMPONENT OF POWER COST

Although the inventory component of fuel cost is not negligible, it is
sufficiently small that it can be ignored in a discussion of comparative fossil
fuel conversion economics. The burn-up component, as noted earlier, is a function
of efficiency and fuel price. '

Diesel Engine Plants

The diesel engine in this country dates from about the year 1900. Since that
time, the use of diesel engines has expanded tremendously, although for electric
utility application, their use is limited by small unit size and inability to burn
coal. 0il and gas fired diesel engines accounted for about 1.5 percent of total
capacity in 1963. In recent years, there has been some application of small high-
speed diesel engines for emergency and peaking service on large utility systems,
but the major application is in base load service on small municipal systems. By
the use of high cylinder pressures and temperatures, it is possible to obtain heat
rates as low as 9500 Btu per kwh as indicated in Figure 2. As will be explained

later, the heat rates in this figure are all based on the "higher heating value" of -

-



A R v s ——

65

the fuel, and hence vary somewhat with the nature of the fuel.

Gas Turbine Plants

The first gas turbine used for electric power generation in this country was
installed in 1949. Gas turbines are inherently simple machines of low first cost
and their primary application in utility systems is for peaking and emergency stand-
by service. Unit sizes are large enough to be practical for large utilities. Coal
firing is not feasible, but gas turbines can handle a wide variety of oil and gas
fuels. The major heat loss in the gas turbine cycle is the exhaust; and where no
attempt is made to recover this heat, efficiencies are relatively low. Heat rates
in the range of 14,500 - 16,500 Btu per kwh are typical, as shown in Figure 2.
Where regenerators are used for exhaust heat recovery, heat rates as low as 13,000
Btu per kwh may be achieved. The use of higher firing temperatures (above 1600 F)
will in the future reduce gas turbine heat rates.

Steam Electric Plants

The first central electric generating stations, built just prior to the turn
of the century, consisted of boilers supplying saturated steam to reciprocating
steam engines driving slow-speed generators. By 1910, the steam turbine was rapidly
supplanting the reciprocating engine because of its greater simplicity and higher
efficiency.

Figure 3 shows, schematically, a modern steam cycle. In considering the
efficiency of such a cycle, it may be noted that the major source of boiler losses
is in the heat contained in the gases discharged through the stack. In the 1920's,
the introduction of economizers and air preheaters gave a substantial reduction in
this loss by using the stack heat to preheat incoming air and feedwater. A second
factor in boiler efficiency progress was the introduction of pulverized coal firing
which greatly increased combustion efficiency. Other important developments have
made it possible to maintain high efficiency at partial load. Some of these are
control of gas flow by baffling and recirculation, and steam temperature control
through de-superheating, differential firing, and burner angle control. Modern coal
fired boilers have full load efficiencies of 90 percent or more.

Another major loss occurs in the condenser where heat in the turbine exhaust
steam is rejected to the cooling water. This loss is substantially reduced by
regenerative feedwater heating, accomplished by extracting steam from various stages
of the turbine. This device has been universally used for over 30 years. A more
recent cycle development is the use of reheat. After expanding partially through
the turbine, steam is returned to the boiler and reheated to approximately initial
temperature for re-entry to the turbine. Nearly all large steam plants going into
service today incorporate this feature which improves the cycle efficiency 4 to 5
percent. A few plants have used & second reheat which provides an additional gain
of about 2 percent.

Over the years, turbines have been designed in larger and larger ratings
incorporating these cycle improvements, while at the same time, there has been
steady improvement in turbine mechanical efficiency brought about by closer control
of running clearances and leakages, advanced aerodynamic design of buckets and
improved nozzle design.

Figure 2 shows today's net station heat rates for steam plants with steam
conditions typical for the sizes shown. This ranges from 850 psig throttle pressure
and 900°F temperature for the smaller units to 3500 psig, 1000°F initial and 1050°F
reheat for the larger sizes. The approximate historical trend of best station heat
rates is given in Figure 8,
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Heating Value of Fuels

In the combustion of hydro-carbon fuels where water is a product, it is
necessary to consider what are called the "higher" and "lower" heating values of
the fuels. In practical thermodynamic machinery, the exhaust temperature is such
that the product water is in the form of vapor. The heat of vaporization repre-
sents heat that, while produced in combustion, is not available to the machine or
process. It has become customary to subtract this heat of vaporization from the
total heating value of the fuel and refer to it as the "lower heating value". The
total heat, as would be determined by bomb calorimeter, is called the "higher
heating value'. The thermal efficiency, or heat rate, of a generating plant thus
devends upon which heating value is used in its determination. The situation is
further complicated by the fact that the ratio of higher heating value to lower
heating value is not the same for all fuels. Typical values are as follows:

Fuel Ratio %%%
Coal 1.03
0il 1.06
Natural Gas 1.11

In European practice, lower heating value is most commonly used; whereas in
this country, higher heating value is the usual rule. An exception to this is in
the diesel industry vhere HHV is used in quoting efficiency for oil fuel and ILHV for
gas fuel. .

Operation and Maintenance Component of Power Costs

Diesel plants and gas turbine plants comprise relatively small ratings with
resulting higher operation and maintenance costs than are experienced in steam
electric plants. Furthermore, type of fuel, service conditions, and annual capacity
factors vary widely. In general, however, typical costs for a diesel or gas turbine
plant will be in the range of 0.5 to 5.0 mills/kwh for a capacity factor of 80%.

For steam electric plants, Figure 5 shows typical operation and maintenance
costs for coal firing. Gas and oil fired plants have slightly lower costs.

Generation System Economics

From the foregoing discussion of investment cost, heat rates, and operation and
maintenance costs for the different types of plants, it will be seen that a wide
range in- power costs per kwh is inevitable. Even considering only one type of
generating plant, costs will vary considerably because of differences in fuel and
construction costs in different parts of the country. But beyord these considera-
tions of the cost of power generated in a single plant or unit is the question of
total system cost which determines the impact of electric emergy on the nation's
economy .

The first factor that influences total system generating cost is the nature
of the load. In a 2k-hour period, the magnitude of load on a typical electric
utility system varies through a two to one range. In a year this variation is three
to one, or more. Figure 6 is a typical annual load duration curve. It shows that
the top 20 percent of the load exists for only about 6 percent of the time.
Generating cost for this component of load is very high because of the fixed invest-
ment charge which is distributed over only a few kwh. At the other extreme is the
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bottom 30 percent of the load which exists 100% of the time. This is the base load
vhich may be generated at minimum cost. As noted earlier, part load efficiency of
generating units is important because of the fluctuating nature of the load, and
because excess capacity must always be kept in operation to provide a high degree
of service continuity in the event of sudden equipment breakdown. In addition to
this so-called "spinning reserve", it is necessary to have some capacity in cold
standby for long-time outages, and to permit units to be withdrawn from service for
maintenance and inspection. In general, electric utility systems have installed

capacity representing 110 to 120 percent of anticipated peak load. This imposes an

investment cost burden beyond that calculated for power éonversion cost of a single
unit.

The second factor influencing total system cost is growth. The industry has
historically grown at the rate of about T percent per year. In the past, this
growth, together with the shape of the load duration curve, has very neatly fitted
the pattern of progress in generating unit efficiency so as to eliminate the problem
of obsolescence: .new efficient units could always operate at high load factor in
the bottom of the load curve while older, less efficient units performed the short
time peaking function. Today, the growth continues, and the load duration curve
remains about the same, but progress in efficiency improvement has slowed. This
gives an opportunity to apply special forms of peaking generation vhose operating
characteristics and low investment cost are ideally suited for the short duration

peak load. Pumped storage hydro and gas turbines are beginning to find wide applica-
tion for this bulk peaking service.

One might ask whether the introduction of nuclear power does not constitute
the beginning of another technological cycle wherein -progress in reducing fuel cost
will again vprove to be compatible with load growth and the shape of the load curve.
This could be the case-~but today there exist forms of peaking generation that were
not available 60 years ago. And economic studies indicate that optimum system

design must include peaking generation as well as the most advanced forms of base
load units.

This brings up the third major factor in generation system economics: ‘the
emergence of new methods of system design analysis using simulation techniques in
digital computers. It is now possible to analyze the performance and economics of
alternate 20-year plans for generation system expansion with a high degree of
accuracy and at reasonable cost. These methods are gaining wide acceptance and

will perform an important service in keeping the future cost of electric power as
low as possible.

In conclusion, there will be continued progress in the economics of converting
fossil fuels to electricity, but probably at a less spectacular rate than in
previous years. There is still opportunity for lower investment costs through
design simplification and the application of still larger units. These same factors,
together with automation, will result in lower operation and maintenance costs.
Similarly, it is expected that modest improvements in conversion efficiency will be
realized. Thus, there seems to be little doubt but that fossil fueled generating
plants will continue to contribute in a major way to low total system generating
costs in the future.




=

REFERENCES
0il and Gas En gine Power Costs. 1963 Revport By ASME.
0il and Gas Engines. Special Report - Power Magazine - December 196k.

100,000 4w Reserve Power Plant for Cincinnati Gas and Electric Co.
By B J. Yeager and G.W. Ciar<. 1963 American Power Conference, page 460,

Operatlng Erperience with General Electric Gas Turbines. By H.D. MclLean.
1956 ASME - Paper No. 58-G.T.P.-18.

STEAM (book). The Babcock & Wilcox Co. New York - 1955.

. . COMBUSTION ENCGINEERING (boox). Combustion Engineefing, Inc. - New York - 1957.

Large Steam Turbine Generators for the 1960's. By E.H. Miller and B.M. Cain.
American Power Conference, 59 A.P.W.R. - 3.

A Method for Predicting the Performance of Stear Turbine Generators -
16,500 v and Larger. By R.C. Spencer, K.C. Cotton and C.N. Cannon.
ASME 1962 - W.A. - 209.

Design of Conductor-Cooled Steam Turbine Generators and Application to
Modern Power Systems. By N.H. Jones, R.L. Winchester and M. Temoshok.
IEEE 1964 Winter Pover Meeting - C.P. 64 - 190.




e L A

MILLIONS OF KW

HEAT RATE — 1000 BTU/KWH -

400r

200—

69

INSTALLED.GENERATING
’ CAPACITY
300/ FIG. | HYDRO
THERMAL
00—~ \ NUCLEAR
Y - - 1 Aquzﬁfzj;;zzgf
1940 1950 960 1970 1980
YEAR
=
= |
§ GAS TURBINE NET STATION HEAT
::!f/// RANGE
== RATES VS.
== UNIT_RATING
— ;
S FIG. 2
L- .
-~
E; . _ _ TYPICAL STEAM PLANT
-~ A/////
‘\\\\NESEL RANGE
8—1:—

T .,
0

200 400, 600 800 MW



70

STEAM CYCLE DIAGRAM

? STACK LOSSES ‘ FIG.3
| AW
NET
OUTPUT
BOILER
FUEL AUX.
- LOSSES
CONDENSER
| LOSS
FEEDWATER .
HEATERS

150 PLANT INVESTMENT
140
130
= |20
X
~
“ o
RANGE OF COAL
FIRED PLANTS
100 |
90
-
.L 1 1 1 |
0 200 400 600 8 00

UNIT SIZE- MW




MILLS PER KWH

0.4]-

71

OPERATION & MAINTENANCE

COST VS UNIT SIZE

FIG. 5

0.3
COAL FIRED PLANTS
0.2
4
OL L 1 | . 1
0 200 400 600 800

% LOAD

100

50

UNIT SIZE - MW

LOAD DURATION CURVE

50
% TIME

100

FIG.6



1400

1200

o)
3

8

600

‘MAXIMUM RATING - MW

200

24
22

20

1000 BTU/ KWH

400 |

72

GROWTH OF STEAM TURBINES

FIG.7
/
/
ya
CROSS-COMPOUND————’//
TANDEM—COMPOUND—t;%———
[T £ 4 ‘ : 1
"1920 1930 1940 1950 1960 1970
YEAR

TREND OF BEST NET STATION

HEAT RATE
FIG. 8

| i il 1

o
1910

1920 1930 1940 1950
YEAR :

1960




[

e _‘-7\. - e s

i

L g

73

NUCLEAR ELECTRIC POWER

Economics of the Conversion of Nuclear Energy to Electricity

John M. Vallance
United States Atomic Energy Commission

I. INTRODUCTION

This paper discusses the economics of producing electricity from nuclear energy., The
economic data presented are intended to indicate the current and near-term situation in
nuclear economics, without displaying undue optimism or pessimism. In addition, the sub-
ject matter are also for the purpose of providing you with a better understanding of the
economics of nuclear power in general. The input data used in this paper are from a multi-
tude of sources and in many cases, the data were subjected to interpretation by the author.
I wish to also make the qualification that the specifics that go into determining the
econnomic performance of nuclear electric plants are changing rapidly with time. Hence, you
are cautioned that certain portions of this paper are subject to obsolescence and it is to
be understood that the data and information presented represent the situation based on
what we think we know today, as seen from the authors point of view. There are a number

of factors currently prevalent .in the field of nuclear power which make economic evalu-
ations and analyses difficult. The nuclear industry is relatively new and a sufficient
base of operations is just beginning to be established. There are reasons to believe

that the size of the nuclear industry will increase rapidly with time. Several authori-
tative growth projections indicate that annual rates of nuclear fuel throughput and new
plant construction will increase more than ten-fold in the decade 1970 to 1980. These
factors introduce major complications in choosing realistic cost input data to use in
economic computations, This is one of the primary reasons why estimates of future

economic performance of nuclear electric plants vary widely.

In the U.S., economically competitive nuclear electric power has not yet been produced.
However, it is expected that several large nuclear electric plants now under construction
will demonstrate that they are competitive in their particular circumstances. « It will

be a few years however before this is borne out. Thus, one must look into the near
future in order to speak of economic nuclear power. For this reason, it is important
that the underlying technical, economic and operational assumptions which go into
nuclear power cost estimates be spelled out with a reasonable degree of clarity. This
paper attempts to provide a general appreciation of nuclear electric plant economics -

it presents data on the currently estimated economic status and provides a general
indication of what we might expect as more advanced reactor concepts are brought into

being. In going about this endeavor, the following sequence of presentation will ‘be
followed:

Current program

Fuel cycles, flowsheet, material and energy balances
Methodology of Economic Computations

Specific Economic Estimates

Analysis of Fuel Costs

Current Program

Historically, the AEC has carried out a broad base program of reactor development
involving many reactor types. The scope of this past and current effort can be well
appreciated by Table I which lists the nuclear plants presently committed, under con-
struction or operable, .
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Recently, the AEC has been reducing the number of reactor concepts under active develop-
ment. The present AEC civilian nuclear power program is focused on the development of
advanced thermal reactors and fast breeder reactors, leaving further improvement of the
conventional light water reactors to industry.

The primary technical incentives for the development of these reactor concepts are listed
in Table 2.
TABLE 2

TECHNICAL REASONS FOR ADVANCED THERMAL REACTORS

AND FAST BREEDER REACTORS

-1, Achieve the timely introduction of advancing technology into the
growing nuclear complex, with attendant cost reductions.

2. Reduce the requirement for fissile material mined from the ground,
thereby extending the availability of nuclear resources.

3, Permit the use of higher cost nuclear fuel resources while still
producing low cost energy, thereby expanding the resource base.

Fuel Cycles
Besides the various choices for structure,.coolant and moderator combinations, nuclear
reactors can operate with various combinations of fissile and fertile materials although

certain reactor types are logically oriented towards particular fissile/fertile species.

The heavy elements of interest as nuclear fuels are shown in Table 3.

© TABLE 3
NUCLEAR FUELS
Fissile Fertile
Uranium 233 Thorium 232
Uranium 235 Uranium 238
Plutonium

The naturally occurring nuclear fuels are thorium, uranium 238 and uranium 235,
Thus, of the fissile isotopes, only U235 is naturally occurring, found in concentra-

. tions of 0.711 wt.% in natural uranium, The other two fissile isotopes, U233 and

plutonium (isotopés 239, 240, 241 and 242) are produced through the capture of a
neutron by thorium and uranium 238, respectively. The technology of the U235 -

U238 fuel system is better established than that of other systems. Extensive fuel,
cycle development is in progress on the plutonium-uranium and the U233 - U235 - thorium
systems. Studies are in progress on other combinations of fissile/fertile species.

Under certain conditions, it is possible to produce more fissile isotope than is
consumed. This occurs when sufficient excess neutrons released during fission are cap-
tured in a fertile isotope, converting it to fissile. Such a process is referred to as
"breeding'. All reactors are inherently capable of converting fertile material

to fissile. The extent to which they do this depends on a number of factors. These

~include the concentration of the fissile and fertile isotopes, the number of

neutrons released per fission (a function of the isotope and the incident neutron
energy), and the probability of the neutron released by fission being captured by
a fertile isotope rather than being lost through leakage or capture in non-fuel
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materials., If the above conditions are favorable, the reactor can produce more fissile
isotopes than it consumes. If the above conditions are less favorable, the reactor wiil
still regenerate a certain fraction of the fissile isotope consumption.

Figure 1 indicates the overall flowsheet for a slightly enriched uranium fueled converter
reactor with plutonium recycle. (See Figure 1, end of text).

Mass and Energy Balances - Reactor

S g

Figure 2 indicates & mass and energy balance of a single irradiation cycle of a pres- {
surized light water reactor, typical :of' some large plants currently under coastruction,
(See Figure 2, end of text).

g

For this particular example, the heat was produced from the various isotopes as follows:

B

TABLE &4
Distribution of Heat Production by Isotope Y
’i
Isotope % of Heat Produced ‘
U235 ' 60 i
U238 5
Plutonium 35 B

100 .
The conversion ratio, grams fissile produced per gram fissile consumed is 0,62,

Thus, in consuming 30.3 grams of fissile material by neutronAabsorption (25.7 grams of
-which fissioned), 18.1 grams of new fissile material was produced.

On an input-output basis, 30 grams of fissile material was fed to the reactor, 25,7
grams of material was fissioned and 19.1 grams of fissile material was discharged.

Mass and Energy Balance - Nuclear System

In providing the U235 for the reactor feed, the system flow sheet for this example
looks about as shown in Figure 3 (See this Figure at end of text).

Thus, in this example, 4.1 Kg of fresh natural uranium is required to replenish the
U235 consumed in each Kg of fuel throughput of the reactor. If the plutonium were
recycled, the fresh natural uranium requirement would drop to around 2.4 Kg. Under
this recycle condition the mass balance indicates that of the total natural uranium
fed to the uranium enriching plant, about 1.1% of it actually is fissioned, most of
the other 98.9% ending up in the enriching plant tails stream. This is one reason-
why we are working on advanced converters and breeders - to increase the fraction of
mined uranium that is fissioned. Please note however that the 98,9% that is currently
get aside is not lost. It can be reintroduced to the system at some future date as a
fuel for breeder reactors. ’

I don't wish to leave the idea with you that in the above case example, there was not
¢ gignificant quantity of heat released. The 24 MWD/KgU corresponds with releasing :
300 million BTU per pound of  uranium charged to the reactor.

e
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IT. METHODOLOGY OF COMPUTING ENERGY COSTS

The following discussion is not intended as @ complete treatise on computing nuclear
energy costs, but rather, it highlights the method employed in this paper.

CaEital Costs

The capital costs set forth in this paper are intended to represent the total cost
of acquiring an operable plant to a typical private utility company. These costs
include plant equipment required through the point of supplying electric power to
the main transformer but exlude the transformer cost and equipment beyond the trans-
former. This total cost includes the direct construction cost of the nuclear plant
and includes indirect costs such as general and administrative expenses, architect
engineer and nuclear engineering fees, plant startup cost, contingencies, escalation,
taxes, and interest during construction, These indirect costs generally amount to
25 to 40% of the direct construction costs.

Fuel Cost

The individual items 1dent1f1ed in a standard fuel cost presentation are genherally as

fol

ollows: TABLE 5

Nuclear Fuel Cost
Direct Charges . M/KWH

Fabrication XX
Uranium Consumption XX
Spent Fuel Recovery (Chem. ProceSSLng & Shlpplng) XX
Plutonium or U233 Credit ) ) (XX)
Uranium Use Charge (if applicable) XX

Subtotal, Direct XX

Fixed Charges

Working Capital XX
Total Fuel Cost XX

Most of the fuel costs given in this paper are for the condition where the nuclear fuel
material is privately owned. For privately owned fuel, the item labeled 'Working Capital",

includes the investment charges in the fuel materials, and the uranium use charge entry is
not used.

In addition, it includes other investments in the fuel cycle, based on a cash flow
analysis and assuming that fixed charges on the fuel cycle investment are 10%/year
on the net investment. A more complete discussion of fuel costing methodology is
contained in a paper I presented at the Third United Nations International Conference

on the Peaceful Uses of Atomic Energy, Geneva, Switzerland, August 31 - September 9, 1964,
paper A/CONF. 28/P/2u47,

Operation, Maintenance and Insurance

Operation and maintenance costs are based on estimates of manpower, supplies and materials
required to operate the reactor. Insurance costs are based on $60 million of third party

liability insurance at a premium of $260,000/year plus $500 million federal indemnity at
a premium $30 per thermal megawatt per year.
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Fixed Charge Rate

Plant capital investment is charged against electricity generation through the use of an
annual fixed charge rate, For example, the capital cost in dollars is multiplied by the
fixed charge rate in %/year to give dollars per year, Dividing this by the KWH produced
per year and converting dollars to mills, one gets the capital charges in M/KWH.

The annual fixed charge rate varies from one utility to another. For investor owned
utilities it generally runs between 10 and 15%/year. For public utilities and coopera-
tives, it runs around 7%/year.

Capacity Factor

The piant capacity factor is the actual KWH production over a period of time divided
by the KWH production that would have occurred if the plant” had operated 100% of the
time at its reted capacity; usually expressed as a percentage.

Nuclear electric plants have low incremental operating costs which favors operating s
them as base load plants. In this paper, an 80% capacity factor is generally used in
the economic computations. .

Total Generating Cost : ‘
The total energy cost is thus made up as follows:
TABLE 6 {

Total Generating Cost _ !

Capital Charges M/KWR

Plant XX
Fuel Working Capital XX

Fuel XX

Operation, Maintenance and Insurance XX

Total XX

III, SPECIFIC ECONOMIC ESTIMATES

This section deals with the estimated economic performance of several types of nuclear /
electric plants. These include:
TABLE 7

Reactor Types Included

« Light Water Cooled.and Moderated, Producing Saturated Steam (IWR)

e Heavy Water Moderated, Organic Cooled (HWOCR)

» High Temperature Gas Cooled, Graphite Moderated (HTGR)

e Sodium Cooled Fast Breeder Reactor (FBR) 2
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For the light water reactors, data on capital costs is included in the discussion. Fer
the other reactors, the discussion is limited to fuel costs.

A, LIGHT WATER REACTORS

As indicated earlier, most of our operating experience with nuclear electric plants
is with the light water reactors ~ boiling and pressurized, The technology is to
the point where manufacturers are making fixed price contracts with warranted plant
and fuel performance available to utility customers.

1. Capital Costs

The capital cost of steam-electric plants, whether they use fossil or nuclear fuels,
varies significantly throughout the country. While the size of the plant is important,
there are many other factors which affect the capital cost. Foremost among these are
the local site and labor conditions (including weather considerations) and the plant
specifications desired by the individual customer. These and other lesser factors

give rise to substantial differences in capital cost of electric plants. It is
important that one appreciates that these differences exist. Nevertheless,.specific.«
plant capital cost data are of interest and if there are an adequate number of data
points one can gain an insight of the cost situation.

Cost data for a number of light water nuclear electric plants are shown in Figure 4.
(See this figure at end of text) The ordinate is the unit capital cost in $/KW (net)
and the absicca is the station size. The date of completion (criticality) of each
plant is. in parenthesis. Two points are indicated for each plant, the peoints being
interconnected by a straight line., The upper point is the unit cost of the initial
warranted plant rating. The lower point is for the expected rating (or stretch rating).
A few words regarding this overcapacity or stretch are in order, Since there is

not yet a great deal of experience with nuclear power piant design and operation,

the reactor manufacturers are deliberately conservative in selecting the values

of the individual limiting conditiong which go into determining a plants capacity.
After the plant is placed into operation, the plant operator can set about actually
establishing the plants capability. The over-capacity that can be realized will
depend on several factors including the amount of conservatism incorporated in

the reactor core design, the design versus warranted output and the capability of

the steam piping and turbine generator system. The piping and turbine generator
system can be closely designed to meet a certain design capability. It is the
nuclear reactor portion of the plant where the design conservatisms are incorporated.
Hence, in many plants now under construction, the piping and turbine generator side
of the plant is being designed for higher power capability than the warranted reactor
rating.

_The dotted line on this slide is based on the price list published in the fall of
1964 by a large manufacturer of boiling water reactors. These costs are based on
a turnkey built plant and I've added 20% to the published turnkey price to allow
for customer costs. The customer costs generally run less than 20%.

Oyster Creek - Capital Cost

The very detailed analyéis published in 1964 by the Jersey Central Power and Light
Company for their Oyster Creek Nuclear Station has attracted a lot of attention,
both in and out of the nuclear industry. To my knowledge, this is the most compre-
hensive analysis of the expected economic performance of a nuclear plant over a
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30 yeér life ever published. The analysis was very detailed and most of the input economic
and operational parameters were changing with time, to reflect what these people anticipated
for the future. The salient capital cost data for this plant are given in Table 8.

TABLE 8

OYSTER CREEK NUCLEAR STATION

CAPITAL COST DATA

Single cycle boiling water reactor

Turnkey built plant

Total capital cost, including customer costs but excluding
escalation: $66.4 million ($58.5 million excluding
customer costs)

_,;

Plant Rating:

Initial guaranteed. . . . . . . . . . . . 515 M (net)
Expected. . . . . . . . . . . . . . . . . . 640 MJ (net)

A a.

Unit Capital Cost:

At Initial Rating . . . . . . . . . . . . .$129/KW (net)
At Expected Rating. . . . . . . . . . . . .$104/KW (net)

2, Fuel Costs

Fuel costs in a nuclear electric plant decline with time. This is due to several
factors. First of all, the initial core loading of a reactor is usually designed
for a lower goal exposure than is the replacement fuel. This is due to limits on
holding down initial reactivity. The other reason is that the cost of the manufacturing
operations will decline with time - partly due to technologic improvement and partly
due to increased volume of business mentioned earlier. Recently the Atomic Energy
Act was revised at the request of the AEC to permit private ownership of nuclear
fuels. Prior to this legislation, ownership of the fuel was retained by the govern-
ment and it was leased to customers. Carrying charges on leased material (usually
called '"use charges") are at the rate of 4-3/4%/year on the value of the material

on hand.

With the new legislation, enriched uranium canh now be either leased or purchased

and after 1972, must be purchased. For reactor operators, the new legislation

includes the following important milestones. As of January 1, 1969, the Commission

will provide a uranium enriching service (fuel enriched through this -service

would be privately owned). As of Jan. 1, 1971, no additional enriched uranium .
will be distributed by the government by lease, Also, as of July 1, 1971, the

guaranteed purchase of plutonium by the government will terminate. As of Jaunuary 1,

1973, all material out on lease must be purchased.

Near Term Fuel Costs

The typical technical and economic bases and estimated near-term fuel cost of a light .
water reactor is given in Tables 9 - 11. The data used are intended to apply to a B
nuclear electric plant that could become operational around 1968-1969, '
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TABLE 9

Technical Bases for Fuel Cost

Large Light Water Reactor

(Heat Rate 10,900 BTU/net KWH)

. lst Core Replacement Fuel
Initial enrichment, % U235 2.0 2.4

Discharge enrichment, % U235 0.83 0.85
Kg uranium discharged per Kg U charged 0.976 0.969
Plutonium dischatged, grams per initial KgU

Total Pu 6.3 7.3

Fissile Pu L.4 4.9
Fuel Exposure )

MWD /KgU 16.5 22.0

Millions of BTU/KgU 1350 1800

Net eMWH/KgU 124 - 165
Fuel Specific Power, Thermal MW/MIU 15.5 18.5
Average Fuel Residence time in Core, Full power years 2.9 3.3

NOTE: U is uranium, MWD is thermal megawatt days of energy, MIU is
metric tons uranium and eMWH is electric megawatt hours,

TABLE 10

Economic Assumptions for Fuel Cost

Large Light Water Reactor

“RET S
1st Core Early
Replacement

Average Fuel
Fabrication Price $/KgU ) . 100 ) 85
Post Irradiation Shipping $/KgU 6 6
Natural Uranium Price, $/1b U30g 8 6
Separative Work Cost, $/KgU 30 30
Cascade Tails Assay, % U235 Q.253 0.281
Pu Credit, $/g fissile =~ 9 9
Chemical Processing, $/KgU 38 - 38
Ex-core Inventory Holdup Time, Years 1 1
Uranium Carrying Charges, %/year . b-3/4 10
Working Capital Charges, %/year © 10 10
Plant Capacity Factor, % 80 80

1y, $9/gram is used in both columns since this is the estimated fuel value with
U30g priced at $6/1b. 1In this connection, most of the plutonium produced LY the

first core is not discharged until ‘after the assumed change in enriched uranium
prices.
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TABLE 11
FUEL COST

Large Light Water Reactor

80% Capacity Factor

Cents per million BTU
lst Core Replacement

Mills per net KWH
1st Core Replacement

"Direct Charges

Fabrication 7.4 4.7 .81 .52
Uranium Consumption 8.5 7.6 .92 .83
Spent Fuel Recovery 3.3 2.4 .35 .27
Plutonium Credit €2.9) (2.4) (.32) .27) o
Uranium Use Charge 1.4 - .16 - ' i
Sub-total 17.7 12.3 1.92 1.35
{
Fixed Charges c
) ) 1y
Working Capital 1.6 4.0 .18 .43
Total Fuel Cost 19.3 16.3 2.10 1.78 1

l, For the replacement fuel, the working capital charges are allocated as

follows: M/KWH
Fabrication 0.13

Uranium Consumption 0.30

Spent fuel recovery (0.07)

Plutonium Credit 0.07

0.43

Operation, Maintenance, and Insurance Cost

For a 1,000 MW single unit nuclear electric plant, the annual operation
and maintenance cost is around $1.6 million. This includes a total operating
staff of around 75. The nuclear insurance would run something less than $360,000/year.

For an 80% plant capacity factor, these two items amount to:

0+M . 0.23
Ins. 0.05
0+M+1 0.28 M/KWH

Total Generating Cost

The total generating cost of a typical 1000 MW light water reactor, based on tte

data presented above, would run about as shown in Table 12, These costs are

representative of what one might expect of the early years of operation of a light

water reactor entering service in the late sixties. It should be noted however,

that these costs have not yet been demonstrated and it will be several years before Ia
we have the facts at hand to clearly back up these expectations,




~— = e

-

E W - -

[t

- wE o = e - — v

83

TABLE 12

TOTAL GENERATING COST

1000 MW LIGHT WATER REACTOR NUCLEAR ELECTRIC PLANT
(after several years operation)

80% C.F, .
$/KW $/KW-Yr.  ¢/10% BTU  M/KWH .

Capital Charges

Plant (@ 12%/yr.) 120 14,4 - © 2,06

Fuel (@ 10%/yr.). 29 3.0 R 0.43
Fuel - - 12,3 1.35
Oper, Maint, & Ins, - 2,0 - 0,28

Total 41

NOTE: $/KW-Yr., ¢/10% BTU, and M/KWH are equivalents, not additive

B, ADVANCED THERMAL REACTORS

- Heavy Water Moderated, Organic Cooled -

~ High Temperature Gas Cooled -

These two reactor concepts have the capability of breeding., For the present and near
term, their operation will undoubtedly be optimized for minimum generatihg cost and this
will lead to conversion ratios of less than unity. The current AEC program includes
plans to construct -a prototype thorium fueled high temperature gas cooled reactor and

a uranium fueled heavy water moderated, organic cooled reactor. Both these prototypes
will probably be around 300 MW in size. The AEC also plans to construct a seed blanket
reactor prototype. This prototype is expected to demonstrate the interesting ability

to breed in a light water reactor. This reactor concept is not discussed in this paper
since it is outside my area of cognizance,

The fuel cost data presented below are idealized in the sense that it is assumed that
fuel throughput rates are equivalent to an installed capacity of 15,000 MW (for the
purpose of estimating processing charges). Also, it is assumed that the technology
presently under development will be successful and that no real bottlenecks are en-
countered. So please bear in mind that these cost data are estimates and the technical
characteristics of these reactors will not really be firmed-up until the prototypes
have operated. At this point in time, the following data are to be considered as
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TABLE 13

BASES FOR FUEL COST

Large Heavy Water Reactor (Organic Moderated)

(Uranium Fuel Cycle - Sell plutonium)

Technical Bases

They indicate what is potentially attainable if the development
programs are largely successful; and if each reactor system is constructed in large
quantity such as to realize large annual fuel throughput rates.

Initial enrichment, % U235. 1.20
Discharge enrichment, % U235 ~~0.05
Plutonium discharged, g fissile/KgU 4
Fuel Exposure
MWD /KgU : 20
108 BTU/Kgu 1640
net eMWH/KgU 158
Net thermal efficiency, % 33
BTU/net KWH 10340
Fuel Specific Power, Thermal MW/MTU 24
Fuel residence time in-reactor, full power years 2.2
Refueling On-line

~ Economic Bases Ly

Fabrication, $/KgU 40

Natural Uranium, $/1b U308 6
Separative work, $/KgU 30
Spent fuel recovery 30
Plutonium credit, $/fissile Qram 9
Working Capital Charges, %/year 10
Ex~core inventory holdup, years 1
Plant capacity Factor, % 80

“Annual fuel throughput, MIU/year (for 15,000 MW) 660

1/ Fuel throughput rate and unit costs based on 15,000 MW installed capacity
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TABLE 14
FUEL COST
LARGE HFEAVY WATER REACTOR NUCLEAR ELECTRIC PLANT

(Equilibrium Cycle)
80% C.F.

Cents per million BTU Mills per net KWH

Direct Charges

Fabrication

2.4 0.25
Uranium Consumption 3.4 0.35
Spent Fuel Recovery 1.8 0.19
Plutonium Credit _ (2.2) (0.23)

Sub-total .4 : 0.56

Fixed Charges
Working Capital L 1.2 0.12

Total Fuel Cost : 6.6 0.68

NOTE: Charges for heavy water (investment and losses) amount to about 1.9¢/1O6 BTU

or 0.2 M/KWH, Charges for organic makeup amount to about 1¢/106 BTU or 0.1
M/KWH., Thus the fuel cgst plus special charges on heavy water and organic
amount to about 8.8¢/10° BTU or 0.91 M/KWH.

1/ The working capital charges are gllocated as follows:
M/KWH
Fabrication 0.05
Uranium Consumption 0.07
Spent fuel recovery (0,04)
Plutonium Credit 0.04
0.12
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TABLE 15

BASES FOR FUEL COST

High Temperature  Gas Cooled Reactor
(Thorium Fuel Cycle - recycle U233)

Technical Bases

Initial enrichment,; % U235 + U233 in U + Th 3.1
Discharge enrichment, % U235 + U233 in U + Th 2,5
0.9

Kg U + Th discharged per Kg charged .94
Fuel Exposure ] B
MWD/KgU + Th 152
106 BTU/KgU + Th 4260
Net eMWH/KgU + Th 550
Net Thermal efficiency, % ’ Ly
BTU/net KWH 7760
Fuel specific power, thermal MW/MTU + Th 29
Fuel residence time in reactor, full power years 5
Fraction of core replaced per refueling 1/6 -

Economic Bases l/

Fabrication, $/KgU + Th 110

Natural uranium, $/1b U30g 6 ) ;
Thorium, $/1b ThO2 5 ’
Separative work, $/KgU 30
Spent fuel recovery, $/KgU + Th 110 ¥
U233 value, $/g U233 11
Working capital charges, %/year 10
Ex-core inventory holdup, years 1
Plant capacity factor, % 80

Annual Fuel throughput, MIU + Th/year (for 15,000 MW)190

1/ Fuel throughput rate and unit costs based on 15,000 MW installed
capacity. :
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TABLE - 16
FUEL COST
LARGE HIGH TEMPERATURE GAS COOLED REACTOR NUCLEAR ELECTRIC PLANT
(Equilibrium Cycle)

(80% C.F.)
Cents per million BTU Mills per net KWH

Direct Charges

Fabrication 2.6 .20
Uranium Consumption 1.8 .14
Spent Fuel Recovery 2.6 .20
Sub-total 7.0 .54
Fixed Charges
Working Capital LY 5.0 .39
Total Fuel Cost ) 12.0 .93

1, The working capital charges are allocated as follows:

M/KWH
Fabrication 0.07
Uranium Consumption 0.39
Spent Fuel Recovery (0.07)
0.39

According to these data, the HWOCR has a projected fuel cost of about 0.7 M/KWH
and the HTGR about 0.9 M/KWH. The HWOCR has some extra charges for heavy water
and makeup of organic coolant degradation that do not apply to the HTGR.

The sum
of these extra charges -- based on 10%/year investment charges on heavy water,
0.5% heavy water loss per year, organic makeup rate of 4000 1lbs. per eMW per year;
and costs of $20/1b heavy water and 17 cents per pound organic -- amount to 0,2 M/KWH

on the heavy water and 0.1 M/KWH on the organic. Therefore, the sum of fuel cost
plus special material charges for the HWOCR is about one M/KWH. Thus the HWOCR and
HTGR are very close together on the basis of fuel cost plus special material charges.

The light water reactor described previously, if evaluated on the basis of computing
fuel cycle unit costs according to the throughput rate for 15,000 MW, has an estimated
fuel cost (direct plus fixed charges) of 1.4 M/KWH.

C. FAST BREEDER REACTORS

Most of the effort on high gain breeder reactors centers around the sodium cooled
fast breeder reactor, fueled with plutonium. This reactor offers promise of
attaining a reasonably high breeding gain and a reasonably short doubling time.

It appears that for many years to come, the requirement for natural uranium mined
from the ground will be determined by the amount of fissile material required for
inventory buildup and fuel makeup. A high gain breeder reactor offers the interesting
prospect of eventually making the nuclear complex self-sufficient on fissile material
at which time the system can be sustained on the fertile fuels - U238 and thorium.

This will permit utilization of most of the latent energy of fission contained in our
nuclear resources, i '
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The design characteristics of fast breeder reactors are less well defined than the
reactors previously discussed. However, a number of conceptual design studies have
been made so there is some indication of how they may perform. The following tables
provide preliminary estimates of the bases for and resulting fuel cost of a fast breeder
reactor.

TABLE 17

BASES FOR FUEL COST

SODIUM COOLED FAST BREEDER REACTOR NUCLEAR ELECTRIC PLANT
(1100 eMW net, 44% net thermal efficiency)

Core Blanket
Technical Bases
—_— Axial Radial
Power, thermal MW 2170 35 295
Initial Loading, MIU + Pu 23.7 8.0 57.1
Initial concentration, Kg fissile Pu/Kg (U+Pu) in 0.156 0 0
MT(U+Pu) discharged per MT(U+Pu) charged 0.893 0.995 0,992
Discharge concentration, Kg fissile Pu/Kg (U+Pu) out 0.141 0,020 0.048
Fuel Exposure, MWD/initial KgU+Pu 100 L.8 7.6
Fuel Residence Time, full power years 3.0 3.0 4.0
Fuel fraction replaced per refueling 1/6 1/6 ) 1/8
Economic Bases
Fabrication, $/KgU+Pu 190 190 50
Spent fuel recovery, $/KgU+Pu 120 55 40
- Plant Capacity factor %  =eee——ca-- 80 cmmmm—mme- ) .
Plutonium Credit, $/fissile gram = —ecmemeoao 10— o
Working Capital Charges, %/year ~  ——emeo-eooo 10 mmmmmmmeee
Ex-core inventory holdup, years = s=——eeeeao 1,0 cmmmeee o

TABLE 18
FUEL COST

SODIUM COOLED FAST BREEDER REACTOR

Core Blanket Total
------------ M/KWH = o m—m e e e
Fabrication ) 0.16 0.12 0.28
Pu Consumption 0.27 (0.75) (0.48) !
Spent Fuel Recovery 0.10 0.07 0.17 .
Subtotal 0.53 (0.56) (0.03)
Working Capital 0.56 0.24 . 0.80
Total 1.09 (0.32) 0.77

s
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IV, ANALYSIS OF FUEL COST

This section discusses several important aspects of nuclear electric plant fuel costs.

Uranium Pricing

In the U.S., enriched uranium is produced by the gaseous diffusion process. If one
makes a few simplifying assumptions, the cost-enrichment relationship is as follows:

C(X{) =F (Xi) Cg * &AX{) Cp  ..... e (D)
Where: C(Xji) = Unit cost of uranium of enrichment Xj, $/KgU

F(Xi) = Kg natural Uranium feed required to produce 1 Kg of
uranium at enrichment X;.

Ce = Unit cost of natural uranium feed to the diffusion plant,
$/KgU as UFg.

A(Xi) = Separative work required to produce 1 Kg of uranium of enrichment
Xj from natural uranium, Kgs U

Ca = Unit cost of separative work, $/KgU
The feed requirement per Kg of product is:

Xi - X
F(X{) = &b - Xw . R &)
(Xi) Xt - Xy

Where: Xj = product material enrichment

Xy = diffusion plant tailings enrichment

Xt

natural uranium enrichment (0.711%)
The separative work requirement is:

AXy) = OXi) + WXy - Fh(Xg)

it

Where: ¢(Xj), (2X3-1) 1n 23

X
%

W = Kgs diffusion plant tailings per Kg product
F = F(Xj) defined previously

For any particular ratio of feed to separative work cost, there exists a certain
optimum tailings enrichment which will result in minimum product cost (any product
enrichment). The tailings enrichment, X;,, is determined by taking the first deriva-
tive of the cost equation (1) with respect to Xy, setting it equal to zero, and solving
for X,. That is, solve for X, in the equation: 4C(Xs) '
i

S0 (%)
» ,

The current USAEC schedule of charges for enriched uranium is based on a natural uranium
feed charge of $23.5/KgU as UFg and a separative work charge of $30/KgU. For this ratio
of feed to work cost, the optimum tailings enrichment computed from equation (4) above is
0.253% U235 in Uranium,
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Makeup of Fuel Cost

Tatle 19 indicates the makeup of the direct fuel cost of the light water reactor des=-
cribed in Table 12, but on a plutonium recycle mode of operation, The costs are
allocated to the discrete production operations which were previously set forth in
the flowsheet of Figure 1,

TABLE 19

DISTRIBUTION OF FUEL COST COMPONENT CHARGES

Light Water Reactor with Plutonium Recycle
(See Table 9 for Design Data)

- %of Direct Fuel Cost

Mining, milling, refining 20
Conversion U308 to UFg 2
Enriching 23
Fabrication 36
Spent Fuel Recovery ] _19

100

-

NOTE: This cost allocation compares with the flowsheet shown in
Figure 1, ‘

Minimized Fuel Costs !

One of the interesting characteristics of nuclear fuel cycles is that there exists

a certain optimum fuel exposure to obtain minimum fuel cost. This is mostly due to {
. the increase that results in nuclear fuel investment charges as the design fuel

exposure is increased. This in turn is due to the increased fissile loading required

to attain high fuel exposures, The optimum fuel exposure depends on the combined effect

of all of the individual cost inputs to the fuel cost computation.

A typical set of fuei cost versus fuel exposure curves are given in figure 5 (see this
figure at end of text).

V. CONCLUSIONS

The nuclear industry is relatively new and is just beginning to show positive signs

of getting underway, Much research and development is in progress, These. conditions
contribute towards causing specific levels of economic performance of nuclear electric
plants to change rapidly with time., Thus, one must be closely connected with the
nuclear power field in order to keep abreast of the situation.

Since 1960, twelve nuclear electric plants have entered service but only one of them {
‘can be called reasonably large. Small nuclear plants demonstrate technology well,
but because they are small, cannot demonstrate economic competitiveness, Thus, we
are in & position today where we think nuclear plants can be built which will be
economic but we don't have any in hand at the moment, 1In the period 1966 through
1968, five large nuclear electric plants are scheduled to enter service, It will be
most interesting to closely follow their progress and performance to see if our
predictions will indeed be realized,

L h
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Figure 3
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Figure 5
ILLUSTRATIVE EXAMPLE

Fuel Cost Versus Design Fuel Exposure
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UNCONVENT I ONAL ENERGY CONVERSION METHODS

H. A. Wagner
Assistant Vice President

The Detroit Edison Company
Detroit, Michigan

Introduction

The recent accomplishments in the field of direct energy conversion are
receiving increased attention in the power industry since the potential rewards of
lower costs are substantial. There would appear to be merit in a mutual considera-
tion by the chemical and power industries of the possibilities and advantages of
lower cost power in the chemical industry to be obtained through lower gensration
costs using new methods of energy conversion, and, of perhaps equal importance,
through better and more effective utilization of the present facilities of large
power systems, .

Electric power companies have always engaged in system planning -- to pre-
dict future production and system requirements, and to apply new ideas and methods
to reduce costs. Essential to any plan is the selection of generation methods pro-
ducing the lowest overall cost, since this is the base to which all other costs are

added. Consequently, it is important that we be actively engaged in and intelligently

informed on these new system concepts so that they may be applied to our mutual
advantage.

In considering the application of new methods of electric power generation,

their effect in accelerating improvement of conventional methods should not be over-
looked. Economic comparisons must recognize that present methods have been improved

and costs reduced, and these methods will be further improved beyond what was antici-

-pated earlier, because of the competition from new fields of technology, from

improved efficiencies of conventional methods, or from other factors such as resulted

from the unit-train delivery.of coal to power plants,

Another example of a change which is beginning to have an important effect
on power costs is the advent of commercially competitive nuclear plants, While
nuclear power provides only a small part of today's generation, it promises to
assume a significant part of the new capacity installed in the next ten or fifteen
years. Nuclear reactors, even with present design, are now economic in some areas
having high fuel cost, and in the near future will probably become competitive in
all but the lowest cost fuel areas. Several of the advanced methods of power gen-
eration can be used to good advantage with a high-temperature nuclear reactor,

Since such combinations can offer an important improvement in present nuclear cycle

efficiency, their development may be accelerated along with nuclear power development.

In order that we may have some appreciation of the magnitude of the
rewards we are talking about, a discussion of only one of the many items affected

may be in order; namely, the fossil fuel bill of the investor-owned companies. The
-investor-owned companies in the United States at the present time spend about $1.6
billion a year on fuel. This will increase substantially in the years ahead because

of increasing demands for energy. Figure | shows the Edison Electric Institute's

estimate for power production by investor-owned companies for the next fifteen years.

Efficient as our present power plants are, there is still promise of devel-

opments ahead in conventional generating equipment and systems. Figure 2 shows the
trend in net station efficiency for fossil-fuel fired plants, from 1940 to 1960,

R N
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and a projection to 1980. As indicated on this figure, developed in essence by

W. D. Marsh of the General Electric Company, increases are likely to be achieved
through the use of higher pressures and temperatures. There are other paths to
increased efficiency, notably through the use of combined gas turbine-steam cycles,
and possibly binary vapor cycles, using steam and mercury, or perhaps one of the
alkali metals, potassium for instance.

Accordingly, the curve for the years 1970 to 1980 indicates a range of
values to accommodate the possibility of achieving some of these cycles economi-
cally, It should be recognized that technically some of them can be built now, but
either the economics or the operating complexities are such that they are not prac-
tical for average use at the present time. Figure 2 also illustrates the fact that
the new methods of power generation promising higher efficiencies have a continually
changing target to meet, one that becomes more difficult to achieve as the technology
of conventional systems improves, For example, the probable improvement in the power
field is indicated in Fig. 3. The table shows a substantial decrease in energy cost
over a seven-year period and also indicates that nuclear power must be considered
for any future capacity installations.

From the foregoing, it can be demonstrated that for an improvement in effi-
ciency of 15 percent, for example, a fuel savings alone of about 5200 million per
year would be achieved by the year 1980, for only the new capacity installed. Such
improvement is technically attainable, and within possible economic feasibility for
several of the new methods of power generation. By providing lower cost power, it
is hoped that these new methods will encourage developments of substantial new
markets for the chemical industry.

The increasing demand for products from our two industries will require
that larger sizes of equipment be installed. According to the Edison Electric
Institute's forecast for the production of electrical energy for 1980, the power
industry must either install three times as many generating units as it is today,
or install the same number of units but three times the size of today's units, or
some optimum combination thereof. ]t is probable that the installation of 1000 mw
or 1500 mw generating units will not be an uncommon occurrence in the 1980s. The

" chemical industry can presumably expect to increase in a similar manner,

The increasing amount of 'total energy' -- heat and electrical -- required
to meet the increasing demands in the chemical industry will dictate some new and
perhaps "‘unconventional'' approaches when reviewing future production costs. The
cost of this '"total energy' would be considerable if produced by the chemical indus-
try in smaller units, but could be at a relatively lesser incremental cost in the
increased sizes which, it is predicted, will be installed by the power industry.
Figure 4 is shown to illustrate the trend in reduction in capital costs and station
net heat rate associated with the increase in size of generating units. These data
are from Electrical World's 13th Steam Station Cost Survey, as published October 7,
1963. The chart is already outdated because station costs are even now 10 to 20
percent lower than shown in this chart for sizes of 500 mw and larger.

By taking advantage of the ''total energy' supply concept, mutual advan-
tages are possible. As a start in this direction, The Detroit Edison Company has
purchased the power and steamn generating facilities of two major chemical industries
in its service area -- Wyandotte Chemicals Corporation and Pennsalt Chemicals Corpora-
tion. It is the philosophy of Detroit Edison that supplying of energy is its business
and that it should be able to do so in a large system at a saving as compared to
isolated smaller plants. The capital which the chemical industry would forego in
investment for power and steam equipment could, it would seem, be put to more pro-
ductive use in the expansion of product manufacturing facilities. Two of Detroit
Edison's large chemical customers have agreed with this philosophy. | believe that
there are mutual benefits to be gained by closer cooperation between our two indus-
tries. For instance, further benefits to both the chemical and power industries
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may be possible if use can be made of the power industry's large off-peak generating
capacity.

Ngﬂ_ConceEts

As indicated before, several of the new methods of power generation offer
promise of commercial application to power system generation as a means of reducing
production costs. The economic and technical status of the more promising of these

are discussed in the following.

Thermozlectric

O0f the four advanced concepts for power generation which are receiving most
attention, the thermozlectric generator seems least likely to significantly affect
the powsr industry, Thermoelectricity is beset with materials problems., The high
interest in the late 1950s was generated by the development of semi-conductors and
doped semi-conductors which produced a considerable increase in thermoetectric effi-
ciencies. The initial enthusiasm has abated somewhat as no significant materials
advance has appeared since then. However, small thermoslectric power generators
have been built and operated. Home and office heating and cooling units involving
thermozlectric devices are available at a nrice. Thermoelectric devices operating
on hydrocarbon fuels have been developed for use primarily where low-wattage, con-
tinuous trouble-free operation is needed in remote areas. Thermoalectric generators
fueled with radioisotopes are being used to power navigation buoys, remote unattended
weather stations, as well as military and space applications.

Thermozlectric generation would still seem to finds its greatest applica-
tion as a power consumer rather than as a power producer., For example, Fig. 5 was
reproduced from a recent Sears, Rocbuck and Co. brochure which offers '"Coldspot
Thermozlectric’ buffet bars with a price range of $395 to $4395. They also offer the
working unit alone for $295 to use in some stationary spot in the home or office,
Push buttons switch the unit from ''keep-hot' to 'keep-~cool'' or vice versa. Dials
reqgulate the temperatures from below freezing to above 150 F, Others are offering
"this same or similar equipment,

Economic studies seem to indicate that thermoslectric generation will be
limited in size and will be useful only in special applications. By 1980, capital
costs may be reduced to the range of $200 to $500 per kilowatt of installed capac-
ity. This could not be considered as economic for large scale power generation.

Thermionic

Thermionic generation is of significance to the power industry because of
its adaptability to bulk power generation, particularly in central station reactor
power plants. Reports from the large research and development effort indicate that
the adaptation to space uses is on schedule, although the vehicles and missions
which would require the 50-1000 kw nuclear-thermionic power supply may be further
in the future than indicated heretofore. Figure 6 illustrates a space application
of thermionic power,

An attractive commercial application of the thermionic converter is as an
in-pile device for a nuclear reactor. Because the required emitter temperature is
in the order of 3000 F, uranium carbide or a modification of it has desirable prop-
erties for such service. Consequently, it appears most practical to combine a
thermionic topping device as part of a nuclear reactor. Since the efficiency of
thermionic converters may ultimately reach 15-20 percent, a thermal cycle in which
such devices are superimposed on a conventional cycle may significantly increase
future plant efficiencies. However, other developments, such as nuclear superheat,
may reduce the incentive for thermionic topping of reactors producing saturated
steam. Perhaps equally important is the possibility of significantly increasing

reactor capacities without commensurate increases in physical size or costs. However,

1
1
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at present, it appears that economics will not favor commercial use of thermionic
devices within the next ten years.

Maqnetohydrodyhamics

The commercial generation of power by magnetohydrodynamics, more conven-
iently referred to as MHD, appears to be associated with materials and costs, It is
only fair to acknowledge that there is a difference of opinion in the industry as to
the future of MHD in the United States. A combined MHD and steam cycle, in which gas
from the MHD generators would be discharged to a steam-generator turbine-generator
system, may prove in time to be economically feasible. As this would involve an
open-cycle coal-fired MHD unit, problems are encountered with its molten coal ash,
and high-temperature, strongly oxidizing gases in the duct, both in the MHD system
and in the exit gas steam generator, and with the alkali seed material added for
ionization purposes. Since the seed material is expensive, it would appear necessary
that it be almost fully recovered. Such a cycle is descruq?d in Mr. J. J. William
Brown's paper, 'Some Aspects of MHD Power Plant Economics"

The economic solution to these problems causes some pessimism as to the
commercial attractiveness of open-cycle fossil-fueled MHD power plants in the near
future. Consequently, closed-cycle systems, using so-called non-equilibrium ioni-
zation methods and those using liquid metal conductors, both of which permit some-
what lower temperature operation, are receiving increased attention,

One of the unusual aspects of MHD generation, offering mutual advantages
to our two industries, is the possible recovery of nitrogen fertilizers and nitric
acid. In the high-temperature gas flow conditions of the MHD generator, atmospheric
nitrogen combines with oxygen to form nitric oxide. Fast quenching to low tempera-
tures provides fixed nitrogen in the exhaust gas. Westinghouse Electric Corporation
research engineers suggest that at current market prices this recovery process could
prove to be economic.

The utility industry is supporting much experimental and developmental work
in this country, and overseas as well., The Avco Corporation and a group of eleven

" electric power companies%’ have been engaged in a joint research effort on MHD for

several years., The Edison Electric Institute is supporting a liquid metal MHD
development effort with Atomics International,

Figure 7 shows an MHD binary cycle using liquid potassium for the MHD por-
tion. The resultant low temperatures give rise to optimism for an economic break-
through in the MHD field, Experiments are under way on several schemes utilizing
either a two-phase liquid metal system, or two different liquid metals with dis-
similar properties.

There is greatly increased MHD activity in Great Britain and France, most
of it supported by the large nationalized utility industries. One of the largest
overseas projects is that of The Central Electricity Generating Board of Great
Britain which has a $5.4 million program for an open-cycle prototype MHD plant at
its Marchwood test laboratories near Southampton, England, The prototype, designed
as a topper to a conventional thermal station, is to have a thermal input of 200 mw
and an electrical output of 20 mw. It will burn kerosene enriched with oxygen2'.

A major contribution towards the production of an MHD generator suitable
for use as a topper in conventional power stations could be made by the new
Electricité de France laboratory in Renardieres, France. The MHD generator will

-~ have a continuous rating of 8 mw thermal at 3,000 K. The Renardieres' experiment

will be on an open-cycle generator initially, but it is hoped to use an exhaust gas
heat exchanger for preheating fuels at a later stage. This will be a fossil fuel -
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fired device using a mixture of 20 percent potass&ym (by weight) and methanol for
seeding the combustion gases in the MHD generator . ’

One of the main differences between this and other devices is that ''wall
phenomena'' ceases to be of major significance when the MHD duct volume is increased.
when the volume to surface ratio is low, heat Tosses through the walls, the effect
of friction, boundary layers, and turbulence all have a significant effect on per-
formance,

With high fossil fuel costs in many areas overseas, and the low carrying
charges associated with nationalized power system economics, the incentive for MHD
development is much different than it is in this country where we have (1) compara-
tively low cost fossil fuel, (2) competitive nuclear power in medium to high cost
fuel areas, and (3) largely an investor-owned industry where carrying charges on
investment are substantially higher,

Results of research and development look encouraging and there is still
much enthusiasm in the MHD field. Pessimistic views exist, mostly in the predicted
timing of an economic breakthrough.

Fuel Cells . 1

The fuel cell field is highly diverse and one perhaps of greatest interest
to the chemical industry. This diversity takes many forms, and makes economic eval-
uations complex and nebulous. For instance, one method of classifying fuel cell
technology is by operating temperature, as follows: the low range temperatures, up
to 150 C, use dilute aqueous caustic and acids; the intermediate range -- tempera- (
tures 150 C to 400 C -- use concentrated acids and pasty caustics; the high range --
40O € to 800 C -- use molten carbonates; and the extra high temperature range -- over
800 C -- use solid ceramic oxides as the electrolyte. It is evident that within this 1
wide temperature range, widely differing materials of construction are required, and
there will be a difference in performance results, both resulting in variations in
~cost of manufacture, operation and maintenance,

Hydrogen-oxygen cells are probably the most advanced as a result of devel-

opment in connection with the asrospace program. indicative of this are the three
fuel cells exhibited by Allis-Chalmers Manufacturing Company last November at the
Arkansas Inventors Congress and Space Symposium -~ (1) a 3 kw fuel cell system for

NASA's Apollo spacecraft; (2) a 750 watt hydrazine-oxygen system used to power a
small submarine; and (3) a lightweight 45-watt hydrogen-oxygen system. General
Electric reports success with the hydrogen-oxygen type using an ion-exchange
membrane, and Pratt & Whitney have been successful in developing a modified Bacon
cell of the hydrogen-oxygen type -- to mention only a few of the many projects
under way.

The regenerative fuel cell is of particular interest to electric power
companies because of the possibility of using off-peak power for regeneration,
Hydrogen-oxygen systems, hydrazine-bromine, and potassium-mercury cells are all
under development, but considerable research effort will be needed before these
systems can be considered to be commercially usable for power generation, In fact,
. this appears to apply to all fuel cell systems at the present time.

The very large research and development effort in the asrospace program,

costing many millions of dollars annually, is responsible for the high degree of
technical success of fuel cells. In a broad sense, it appears that we now have or
shortly will have fuel cells available in 25 watts to 10 kw range of power, lasting

up to three months at 70 percent thermal efficiency. They have the ability to

function regardless of the attitude or orbit of the space vehicle. They are rela-
tively immune to the rigors of space environment and can produce potable water as
a by-product. Cost per kilowatt of capacity is very high. V
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Present economic studies indicate that at best the net energy costs for a
hydrocarbon fuel cell will only approach those for conventional central station
operation, The fuel cell may serve as a dispersed power source on electric systems,

" particularly for special applications such as peaking service where cost of opera-

tion is not the determining factor for economic use, They may also have application
as a mobile power source, such as for use with fork-1ift trucks.

Further development for varied and special commercial applications will
depend to some extent upon private industry's continued willingness to invest in
the necessary research and development. Regardiess of the amount industry is
willing to invest, we must continue close surveillance on developments in the major
industrial fuel cell programs. There are about 21 such projects that, even if partly
successful, could affect the future of the chemical and electric power industries.

| believe we should continue to invest in research and development to
insure results favorable to our industries, and to make (1) more penetrating-
engineering-economic studies to obtain the facts and calculations as to the real
economic potential, and (2) a conscious search for fuel cells and applications that
can be turned to the benefit. of the chemical and electric power industries.

DC to AC Conversion

In most cases, the advanced concepts of power generation have one common
characteristic -- they produce direct-current power, The present attractiveness of
extra high-voltage direct current for transmission has encouraged the equipment
manufacturers to the extent that the ‘advances in DC-AC conversion techniques may be
ahead of the progress in energy conversion. It would appear that, when the advanced
methods are ready for application, DC-AC conversion will not be a major technical
or economic handicap in the use of direct conversion devices. Where DC can be used
directly, such as in the electrochemical business, the problem does not exist even
now. -

" Cryogenics and Fusion

in considéring advanced methods of energy conversion, note probably should
be taken of the resu]ts of physical research in the two extremes of the heat
spectrum.

1. Cryogenics, involving the investigation of matter at tem-
peratures near absolute zero, has advanced to the stage
where complete design guides are published concerning the
entire range of engineering and chemical requirements,
including properties of various substances, production
systems, materials behavior, insulation, storage, neces-
sary related equipment, and safety procedures. This is

-of particular interest in the development of MHD and
fusion devices requiring high strength magnetic fields.
Commercial cryogenic magnets are now available in small
sizes. Larger sizes will presumably be avavlable when
the demand requlres. -

2. A large amount of government and private research effort
is being devoted to the fusion reactor. Economic power
from the fusion reactor still appears far away, almost
certainly not before 1980, and probably later. It appears
possible that energy released during the fusion of light
nuclei to form heavier or more stable nuclei may be
removed directly as electric energy, but up to now a con-.
tinuous net production of power has not been achieved.
When it is achieved, it will probably stimulate numerous
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forecasts as to the impact of fusion on the world's sources
of electric power. It is not practical at this time to
give other than preliminary thought as to what cycles might
be used with the fusion process, and the economic aspect of
the process is still further removed in time.

Summary

In closing, | will use three figures of a previous paperé/ which attempts
to predict for the next twenty years generator size, power generation efficiency
and capital costs for four methods of advanced power generation. On these figures,
the information has been updated to reflect the changes discussed herein, as well as
the effect of anticipated improvements in today's conventional methods, such as the
recent trend of decreasing cost of coal at our power plants, and the increased effi-
ciencies of nuclear plants.

Figure 8 shows the predicted generator sizes for the next 15 to 20 years.
There is doubt of achieving the predicted sizes of thermoelectric generators for the
years 1975 and 1980 because of the materials problem and what is considered to be a
lesser probability of large scale commercial application. No one is now seriously
considering the possibility of building a 200 mw thermoelectric generator, as was
predicted s=veral years ago.

The delay in achieving thermionic generator sizes reflects, in part, an
anticipated lesser research and development effort, and also perhaps the effect of -
increased efficiency of present nuclear cycles which may make such devices uneconomic, (*

The delays indicated in the MHD field could be wrong. The present pessi-
mism for an sconomic breakthrough in the cycle using fossil fuel could cause this ‘
sort of a delay. However, early success in the liquid-metals cycles or other low
temperature gas cycles could suddenly spur the effort, but as toppers and not as
large individual units.

) In the fuel cell-field, the 10 kw goal may soon be achieved as indicated
before, mostly because of the huge aerospace effort. Whether the predicted sizes
indicated for 1975 and 1980 are attained will depend, in part, on the degree of
support for the necessary research and development by investor-owned industries.

Figure 9 shows the future predicted efficiencies for these four advanced
methods of power generation. The same reasons which apply for the delay in devel-
oping generator sizes also apply for the delays indicated in Fig, 10, which shows
the predicted capital cost per kilowatt net for these advanced methods, s

These predictions are based upon the successful outcome of research
efforts, When they will be achieved, is a function of the magnitude of the
research effort which wiil, in turn, be affected by improvements in conventional
cycles, Encouraging progress has been made, and our scientists, engineers and
chemists will, | am sure, solve the many and complex problems of our future
energy demands. It will be to the mutual benefit of both the chemical and power
industries to work more closely together to develop more efficient methods of
power generation, and more effective use of our present equipment.
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CONVERSION OF FOSSIL FUELS TO UTILITY GAS

H. E. Benson
Con~Gas Service Corporation, Cleveland, Ohio

C. L. Tsaros
Institute of Gas Technology, Chicago, Illinois

Natural gas has nearly completely replaced the use of coal as a source of
utility gas in the United States. As gas has shifted its status as a byproduct of
petroleum, prices at the well in the Southwest, despite government regulation,
have gone up sharply during the past fifteen years, Coal prices at the mine, how-
ever, have remained fairly constant during this period.

Natural gas is purchased by distribution companies from the transmission
companies in the coal-producing area of West Virginia at about $0.37 per MMBtu
{million Btu). Coal in the same area selling at the mine for $4.00-4.50/ton is
equivalent in price to $0.16-0.18/ MMBtu. As the differential between coal and
gas prices increases, as is likely, the conversion of coal to gas at the mine be-
comes increasingly attractive. {

It has been demonstrated in a small pilot plant at the Institute of Gas Tech-
nology that the organic content of oil shale hydrogenates to methane even more
readily than does coal. There are vast reserves of oil shale in Colorado and Utah;
thus, a large gas-making potential in the form of shale exists in that area. On the
other hand, it is doubtful that Eastern shales are rich enough to produce gas eco- i
nomically in the foreseeable future.

The location of the rich Western shales is far from the large Eastern popu-
lation centers. This means that gas from shale would have to be cheaper by about
$0.20 to $0.30 per MCF (thousand cubic feet) than gas from coal to compensate
for transmission costs to justify early development of these reserves for gas-
making purposes. Markets on the West Coast are closer, but natural gas is appre-
ciably cheaper there than in the East.

The rich shales of Colorado and Utah presently seem better suited for pro-
duction of liquids by relatively simple retorting at atmospheric pressure to
recover crude shale oil. By conventional hydrogenation processes, a high quality
gasoline can be made from the oil at prices close to present gasoline prices. Thus,
the development of processes to make gasoline from oil shale may occur before
gas from shale is a reality. ‘

A variety of processes for the conversion of distillate and residual oils to 1
gas have been developed and are being used widely for baseload gas elsewhere in
the world. In this country, oil is used to produce gas for peaking purposes on the
East Coast only. Distillate fuels, which are relatively simple to gasify, cost
$0.10/gallon, a raw material cost of about $0.70/ MMBtu. Crude oil, and even
residual oil, can be converted to gas by hydrogenation? or thermal cracking.®
However, even at the low price of $ 2.00/bbl, about $0.33/ MMBtu, the raw mate-
rial cost would be approximately twice that of coal.

Therefore, although the same general coal and shale gasification and hydro-
genation techniques that will be discussed in this paper can be applied to 0il, and 4
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even though plant investment costs for gasification of o0il would be lower than for
coal or shale, the cost of o0il is much too high at present for consideration of it as
a feedstock for a baseload plant. Consequently, only those processes that are
most promising for coal and oil shale will be considered in this paper.

UTILITY GAS FROM COAL

Coal Gasification

An excellent summary of past work on coal gasification and hydrogasifica-
tion is given by C. G, von Fredersdorff and M, A, Elliott? in the recent supplemen-
tary volume of '"Chemistry of Coal Utilization.'" No attempt will be made to review
that field further in this paper.

A study of the economics of coal gasification indicates that it is preferable
to gasify coal under pressure when a heating gas containing methane is desired.
The only pressurized gasification process being used at the present time is the

" Lurgi. The Scottish Gas Board is currently using it in their plant at Westfield,®

and it is also being used to make gas in Australia. The advantage of the Lurgi
process is that due to the pressure of approximately 400 psig of the system,
methane in appreciable quantities is obtained in the raw gas. Inasmuch as the
methane-forming reaction is exothermic, it is possible to decrease the amount of
oxygen fed into the gasifier. The Lurgi process requires a fixed bed, with coal
being fed into the top of the gasifier through lock hoppers, and steam and oxygen
into the bottom of the gasifier. Operation is nonslagging, requiring excess steam
to maintain the temperature of the bottom of the gasification zone sufficiently low
to avoid slagging of the ash.

The heating value of Lurgi gas after purification to remove carbon dioxide
is in the range of 400 to 450 Btu/SCF. It is possible to make approximately 1000
Btu gas by employing catalytic methanation as an upgrading step to convert hydro-
gen and carbon monoxide to methane following Lurgi gasification. About 600 CF
of oxygen is required to make 1000 CF of methane, including that methane which
can be made by catalytic methanation of the hydrogen and carbon monoxide. In
other gasification processes, where a suspension of coal is used with oxygen and
steam at high temperatures, resulting in little or no methane in the product gas,
about 1200 CF of oxygen is required per MCF of methane. Thus, the advantages
of the Lurgi gas scheme for making a high-heating-value gas are obvious. A raw
gas analysis from the Lurgi gasifier is:

© CO, 30.5%
H,S ©1.0%
CH 0.6%

n m
co 16.5%
H, 42.0%
CH, 8.6%
N, 0.8%

Fig. lis a simple flowsheet of the major steps in the Lurgi gasification-
catalytic scheme to produce gas having a heating value of approximately 1000
Btu/SCF. Using Eastern coals, it would be necessary to pretreat the coal to avoid
agglomeration of the coal in the gasifier; conventional pretreatment consists of
mild oxidation in the temperature range of approximately 600° to 900°F.

1f it were necessary at the present time to convert coal to utility gas, we
would have to select Lurgi gasification as the most advanced commercial process
to accomplish this. However, there is under development a scheme using hydro-
genation of coal that is economically more attractive.
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Hydrogenation of coal to form methane proceeds very rapidly above temper-
atures of 1400°F and pressures of about 1000 psig. When methane is the chief
product, rather than the liquids that are obtained when the temperature is lower,
the process is called hydrogasification, Early work on hydrogasification was done
by F. J. Dent and associates of the Gas Council in England, and has been continued
recently in this country by the U. S. Bureau of Mines and the Institute of Gas Tech-
nology. The reaction of hydrogen with carbon to produce methane is highly exo-
thermic. Rather than attempting to.control the temperature within the hydrogasi-
fication reactor by means of cooling coils, a major improvement in the technology
is injecting steam along with the hydrogen The heat from the exothermic methane-
forming reaction can be utilized by the endothermic steam~carbon reaction. Thus,
additional hydrogen and carbon monoxide are made which can subsequently be
reacted catalytically to form additional methane. The effect of steam addition is
to'decrease the hydrogen requirement to about 70 percent. In addition, the reactor
construction is greatly simplified by avoiding internal heat exchange surfaces.

The hydrogasification process can be operated with either fluidized beds or
moving beds with countercurrent contact. It is believed that pretreatment of the
coal to avoid agglomeration can be avoided by dropping the fine coal particles into
a devolatilization zone at the top of the gasifier. Thus, there would be no loss of
methane that would accompany pretreatment procedures.

A simplified flowsheet of the hydrogasification process is shown in Fig. 2.
About 50 percent of the carbon is gasified in the hydrogasification reactor. The
remaining 50 percent is used in the gasifier with oxygen and steam to make hydro-
gen for the hydrogasification operation., The gasification step is done at a lower
pressure, about 400 psig, followed by a CO shift, gas purification to remove CO,,
and then compression to 1000 psig. Steam of about equal volume is added to the
hydrogen for hydrogasification.

The crude gas from hydrogasification is subjected to CO shift to adjust the
hydrogen/carbon monoxide ratio to about 3/1 for methanation purposes, gas
purification to remove carbon dioxide and sulfur compounds, and finally, catalytic
methanation with suitable iron or nickel catalysts. It is possible to reduce oxygen
consumption to about 320 SCF/MCF of total methane made in this process.

Hydrogasification and the Steam-Iron Process

Inasmuch as the cost of the product gas is greatly affected by the oxygen
cost, considerable thought has been given to development of processes that avoid
the use of commercially pure oxygen. One such process would be the combination
of hydrogasification with a modernized version of the steam-iron process to make
hydrogen for the hydrogasification step. This system is being investigated by a
group of three companies: the Consolidated Natural Gas System, Texas Eastern
Transmission Corporation, and Consolidation Coal Company in a pilot plant of
the Institute of Gas Technology. Prehmmary work on the steam-iron process was
done by the U. S. Bureau of Mines? in their Bruceton Laboratories at 300 psig.

The pressure in the Institute of Gas Technology pilot plant has been extended to
1000 psig with greater throughputs.

Hydrogasification would be carried out in the manner previously described
with the exception that a stream of hydrogen and steam obtained from the steam-
iron process is passed directly into the hydrogasification reactor. This scheme
is shown in Fig., 3. Residual char from the hydrogasification step is sent without
pressure reduction to a gas producer in which it is reacted with steam and air,
rather than oxygen, to make producer gas. The producer gas reduces iron oxide,
which is then reoxidized with steam in a separate vessel,

———
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Because the steam and hydrogen can be made available at elevated pressures

and temperatures, a considerable reduction of equipment is possible. Shifting of

the carbon monoxide, scrubbing of the hydrogen stream to eliminate carbon dioxide,
and subsequent compression are unnecessary. Injection and preheating of the
steam for hydrogasification is avoided. The main advantage, however, is in the
elimination of commercially pure oxygen. The spent producer gas still contains
appreciable energy and can be expanded through a turbine to compress the air
required for the gas producer. In addition, the spent producer gas may be burned
to provide the steam which is required in the plant.

Gas Costs

Raw material costs and plant investment for gas made by these three schemes
are summarized in Table 1. While data from pilot plants are by no means complete
at this time, it is possible to make reasonable assumptions and to estimate the
final gas costs. The plant size was taken as 90X10% Btu/day. Coal used in these
estimates had a heating value of 12,500 Btu/lb. The pipeline gas composition was
assumed to be the same in all cases, and had a heating value of 987 Btu/CF. By

“using a combination of iron and nickel methanation catalysts, it should be possible

to produce a product gas that contains sufficient ethane and propane to yield a
heating value close to 1000 Btu. It is possible to keep carbon monoxide below 0.1
percent. Plant costs, thermal efficiencies, and final gas costs are given. By use
of the steam-hydrogen process as a source of hydrogen, plant costs for the hydro-
gasification plant can be reduced to about $40 million from the $65 million when
hydrogen is made by oxygen-char gasification, and $90 million for the Lurgi
installation.

Fig. 4 shows graphically the gas costs under the three schemes, and the
effects of coal and oxygen upon them. Final costs are complete and include con-

Table 1.-SUMMARY OF RAW MATERIAL REQUIREMENTS,
PLANT INVESTMENT, AND GAS PRICE
90X 10? Btu/Day Utility Gas From Coal

Coal Cost: $4.50/ton
Oxygen Cost: $7.00/ton ($0.30 MCF)

Lurgi Gasification, Hydrogasification, Hydrogasification,
Catalytic H; From Char, H, From
Methanation Q,, Steam Steam-Iron
Coa.l consumption, tons/day ‘ 6,540 . 5,220 4,600
Oxygen consumption, tons/day 2,300 ’ 1,200 none
Utility gas analysis, %
CH, 91.0
C,H, 3.0
C,yH, 0.4
H, . 3.0
cO 0.1
_CO, 0.5
N, ' 2.0
Heating value, Btu/SCF 987
Plant investment, $Million 90 65 40
Plant thermal efficiency, % 55 69 78
Price of gas, $/MMBtu . 0.95 . 0.70 . 0.52
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ventional utility return on investment,and federal taxes, in accordance with the
procedure recommended by the American Gas Association and summarized later
in this paper. Plant life was taken at 20 years, and gas cost is averaged for the
20-year period., No credit was taken for byproducts. These estimates indicate
that with a reasonable degree of success in improving coal gasification technology,
it would be possible to decrease the cost of utility gas made from coal from $0.95/
MCF to $0.52/MCF for a 90X10? Btu/day plant.

UTILITY GAS EROM OIL SHALE

Comparison of Hydrogenation of Oil Shale and Shale Oil

Utility gas.can be produced from oil shale by two routes: one is to hydro-
genate the shale directly, and the other is to retort the material first and then
hydrogenate the shale oil. Figs. 5 and 6 show process schemes for these two
routes. In both processes sufficient shale is retorted to provide oil for making
hydrogen and for boiler fuel requirements.

The same method for hydrogen manufacture is used. Synthesis gas is made
by partial oxidation of shale oil, using 99 percent purity oxygen plus steam.®$
Raw synthesis gas is scrubbed free of carbon and hydrogen sulfide prior to carbon
monoxide shift, in which the carbon monoxide concentration is reduced from 46 to
1.3 percent. Following the shift reaction, the carbon dioxide is reduced to two
percent of the process hydrogen stream by scrubbing with hot carbonate solution.
Process hydrogen is compressed to hydrogasifier pressure, 1000 psig.

Hydrogasification of oil shale is carried out in a moving bed, with solids
and gas downflow at 1000 psig, and at a temperature range of 1050° to 1350°F..
Although most of the methane is produced in this step, the hydrogasifier effluent
contains substantial amounts of carbon monoxide. This is catalytically shifted to
adjust the H,/CO ratio to a value suitable for methanation. Prior to the latter
step, sulfur compounds, benzene, and ammonia are scrubbed from the gas.

The alternate to direct hydrogenation of shale is the hydrogasification of
shale oil produced by retorting the shale. Work at IGT on high-pressure hydrogasi-
fication of petroleum oils? showed that control of coke deposition from crude and
residual oils would be necessary to permit continuous operation of a process not
using some means of coke removal. A two-step process was developed. In the
first step, the oil is catalytically hydrogenated at 3000 psig and 780°-790°F.

Design of this step is based on work of the U. S. Bureau of Mines.!»?

The hydrogasification step is based on work at IGT, Because of the small
production of carbon oxides in the hydrogasification step, only final purification
is necessary following hydrogasification of the oil,

An initial comparison of the economics of the two processes on the same
cost basis showed no significant difference, with prices of 68 and 69 cents/MMBtu
utility gas for oil shale and shale oil hydrogenation, respectively, Both processes
were designed for hydrogen/shale or shale oil ratios of 100 percent of the stoichio-
metric. The oil shale hydrogenation design included a hydrogen-methane separa-
tion step.

. Experimental work on hydrogasification of oil shale subsequent to this de-

sign indicated that successful operation could be carried out at hydrogen/shale

ratios much less than stoichiometric. Utility gas plant designs based on these N
ratios showed investment savings from both the elimination of hydrogen-methane

separation and the reduction of the size of hydrogen plants. Reduction of the hydro- \
gen/shale ratio results in increased carbon formation, but this is discharged with

the spent shale residue and causes no operating problem, such as the plugging of

reactor tubes, that could occur in shale oil hydrogenation at drastically reduced
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hydrogen/oil ratios, Since the direct hydrogenation of oil shale appeared to offer

‘greater possibilities for utility gas cost reduction than shale oil hydrogenation,

further economic studies were restricted to the former.

Reaction of Oil Shale’ with Synthesis Gas

One of the problems in Hydrogasification of oil shale is the necess1ty of pre-
heating the shale to about 1050°F to initiate the reaction. A solids downflow
countercurrent solids-gas flow reactor is very advantageous for heat transfer,
allowing the hot effluent gases to preheat the fresh shale at the reactor top, and the
hot spent shale to preheat hydrogen at the bottom. However, since the shale rust
be preheated to 1050°F, while vaporization of hydrocarbons begins at around 700°F,
a countercurrent flow will result in shale oil being carried out with the product
gas. Recovery of this oil on spent shale, followed by hydrogenation in a second
reactor, might be done, but that would complicate and increase the cost of the
hydrogenation system. A solids-downflow cocurrent system prevents oil carry-
over, but increases the heat transfer problem.

Experimental work in the pilot plant was carried out with cocurrent gas-
solids downflow. Adapting such a system to a commercial installation would
require that either the hydrogen stream be preheated sufficiently to bring the shale
up to reaction temperature, or that a fluidized preheat section with internal heat-
ing tubes be installed in a section of the reactor. Bringing in sufficient hzat with
the hydrogen stream at the maximum temperature consistent with practical design
requires a high hydrogen/shale ratio, which has been shown to be less desirable
economically.

The use of raw synthesis gas from the oil partial oxidation reactors in place
of hydrogen as the hydrogenating gas provides a way of preheating the shale as
well as offering economic and process advantages. The heat-carrying capacity of
the gas is increased by the carbon oxides and steam which accompany the hydregen |
required for reaction. Computations show that a shale synthesis gas mixture
temperature of 1050*F can be obtained with 2500°F synthesis gas from partial
oxidation reactors if the shale is preheated to 500°F.

The use of raw synthesis gas directly in the hydrogasification reactors has
economic advantages in addition to the above operating and cost advantages. The
raw synthesis gas at 2500°F flows directly from the partial oxidation reactors to
the hydrogasifiers. To avoid compression of the hot synthesis gas, it would be
necessary to operate the synthesis gas generators at hydrogasifier pressure.

1000 psig. This raises reactor costs; however, synthesis gas cooling and scrubbing
equipment, water-gas shift unit, contact tower and coolers, and hot carbonate
?crubbing system, would all be eliminated from the hydrogen section in this scheme
Fig. 7).

At low equivalent hydrogen/shale ratios, with synthesis gas the heat-carrying
capacity can be maintained by increasing the steam/oil ratio in the partial oxida-
tion reactors, which increases the amount of hot gas for a given qua.nt1ty of shale
oil and oxygen.

Optimization of Hydregen/Shale Ratio

A study of the economic effect of reducing the synthesis gas/shale ratio was
made for equivalent hydrogen/shale ratios ranging from 61 to 0 percent of stoichio-
metric. Without external hydrogen, all hydrogen must-be obtained from the oil
shale, resulting in a low efficiency of carbon conversion, Shale preheat can be
achieved either directly by a flue gas produced by combustion with oxygen, in the
presence of steam, of enough oil to produce the required amount of-flue gas, or
indirectly by burning oil in air, and passing the hot combustion gas through heating
tubes immersed in a fluid-bed shale preheat section. The latter appears to be a
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cheaper method because of the elimination of the oxygen plant and synthesis gas
‘generators, which more than compensates the added expense of indirect preheat,

In order to show the economic advantage of using synthesis gas instead of
process hydrogen as a source of external hydrogen supply to the hydrogasifier,
estimates of utility gas costs when using the latter were also made. These esti-
mates covered the same hydrogen/shale ratio as in the synthesis gas cases, and
are based on cost data derived from the latter.

Comparison of Costs

The effect of hydrogen/shale ratio on utility gas price for the two sets of
estimates is shown in Fig. 8. The 20-year average price of gas represents capital .
and operating charges typical of utility financing for a 20-year plant life. Both 1
sets of costs pass through a minimum at about one~third the stoichiometric
hydrogen/shale ratio. Total plant investment and shale requirements also pass
through a minimum at this point. The existence of a minimum results from the

fact that as less external hydrogen is used, incremental decreases in hydrogen/
" shale ratio result in more than proportional increases in shale required for hydro- {
gasification and all the attendant costs of increased solids usage. At some point s

they overbalance the savings in hydrogen supply facilities. At the minimum price
for each method, the use of synthesis gas has a cost advantage of 3 cents/MMBtu
utility gas,

Operation without external hydrogen is undesirable because of the low per-
centage of conversion of oil shale to gas. '

Table 2 summarizes major process items for plant designs based on opti-
mum hydrogen/shale ratios with hydrogen and with synthesis gas. Breakdown of

Table 2.-SUMMARY OF RAW MATERIAL REQUIREMENTS,
PLANT INVESTMENT, AND GAS PRICE
90X 107 Btu/Day Utility Gas From Oil Shale

Oil Shale Cost: $0.72/ton
Oxygen Cost: $7.00/ton ($0.30/MCF)

Reaction With Reaction With
Hot Synthesis Gas Process Hydrogen
32.5% Stoich H,/Shale 36% Stoich H,/Shale

Oil shale (40 gal/ton)

consumption, tons/day ZZ,3lé 24,866
Oxygen consumption, tons/day 1,165 798
Utility gas analysis, %

CH, 79.5 86.4

C.H, : 5.9 3.3

H, 10.0 4.3

co 0.1 0.1

co, : 0.8 _ 0.9

N, 3.7 5.0

Heating value, Btu/SCF 942 . 947 <
Plant investment, $Million ©o57.1 60.2
Plant thermal efficiency, % 65 59

Price of gas, $/MMBtu 0.56 0.59
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plant shale requirements in tons/day for the two designs is:

Synthesis Gas Hydrogen

Hydrogasification 12,780 13,852
Synthesis Gas or Hydrogen 6,156 5,436
Retorting for Fuel . 3,376 5,578

When process hydrogen is used to hydrogenate oil shale, more shale is
required in the hydrogasifier and less is retorted for shale oil than when synthe-
sis gas is used for hydrogenation. With synthesis gas less hydrogen is made by
CO shift, making it necessary to gasify more oil. When the synthesis gas is cooled
from 2800° to1050°F during mixing with shale, only about 14 percent of the car-
bon monoxide is shifted by reaction with the water present. When hydrogen is
produced as a separate stream, 96 percent of the carbon monoxide is catalytically
shifted at a lower temperature and with a high steam/carbon monoxide ratio.

With synthesis gas, more of the methane is produced by methanation of CO in the
hydrogasifier effluent. than when process hydrogen is used (20 percent over 13
percent). This requires less shale to be handled in the hydrogasifier system.

" Elements of Utility Gas Price

Fig. 9 shows graphically the proportions of utility gas price represented
by oil shale and oxygen, as raw materials, as separate items from the total of
capital and operating costs for the rest of the plant. For the studies on which
these cost estimates are based, a mined shale price of $0.72/ton was used, At
this price it represents about one-third of the utility gas price. Oxygen at $7/
ton (including excess capacity) is one-sixth and one-tenth of the gas price for the
synthesis gas and hydrogen processes, respectively. These two elements repre-
sent about one-half the gas price.

Shale Mining Costs and Shale Richness

The mined shale price of $0.72/ton was based on information supplied by
Cameron and Jones, Inc., for a daily mining capacity of 25,000 tons, In order to
allow for the poss1b111ty of variations in the cost of mined shale on gas pnce,
Fig. 10 shows gas prices as a function of mined shale cost.

The cost estimates presented in this paper are based on 40 gal/ton Colorado
oil shale. This is probably a higher quality raw material than would be available
to plants manufacturing utility gas from oil shale, except through selective mining
of wide areas.

The use of leaner shale increases the burden of unreactive rock that has to
be mined, ground and sized, and processed in an oil shale conversion plant. Esti-

mation of the effect of this on utility gas price is:

Shale quality, gal/ton  Utility gas price, $/MMBtuw

40 0.556
30 0.658
25 0.746

In summary, utility gas can be manufactured by the hydrogasification of oil
shale at reasonable cost., The most important process variable influencing the
cost of utility gas is the hydrogen/shale ratio, with the optimum value being about
one-third the stoichiometric value, From both an operating and economic stand-
point, the best way to supply hydrogen is by synthesis gas. Oil shale price and
quantity exert a greater effect on gas costs than any of the individual process
steps. The major problem in making utility gas from oil shale, in contrast to coal,
is in solids handling. As oil shale richness decreases, the solids-handling prob-
lem becomes more important and might make oil hydrogasification more
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attractive if it could be carried out at low hydrogen/oil ratios, This might be
accomplished in a fluidized or moving coke bed as a means of removing carbon.

Correlation of Utility Gas Price, Investment, and Fossil Fuel Cost

The utility gas prices presented in this paper are 20-year average prices
computed by an accounting procedure developed by the General Accounting Commit-
tee of the American Gas Association. This procedure is based on the financing of
utility gas plants at 65 percent debt and 35 percent equity. Straight-line deprecia-
tion is assumed over a 20-year period and interest at 5 percent on the outstanding
debt is charged. Seven percent return on undepreciated fixed investment is
assumed. The 20-year effective average capital charge composed of federal
income tax, debt, and net income amounts to about 5.8 percent. State and local
taxes and insurance are taken at 3 percent and annual depreciation at 5 percent.
This procedure has been programed for computer operation.

Fig. 11 presents a generalized correlation of utility gas price versus total
capital investment for a 90X 10?7 Btu/day plant at various levels of fossil fuel cost.
The latter parameter is the cost of the fossil fuel (coal, shale, or oil) in $/MMBtu

- as fed to the plant, divided by the overall plant thermal efficiency of conversion
to utility gas.

From a number of cost estimates of plants for making utility gas from coal
and oil shale, relations between operating labor and daily material charges other
than fossil fuel as percentages of equipment investment were derived for purposes
of correlation. Operating labor and daily materials were taken as 2 and 0.5 per-
cent, respectively, of total equipment, or bare cost. No byproduct credit is included.
Capital investment is the bare cost plus contractor's overhead and profit, interest
on fixed investment, and working capital.

Effect of Plant Size

Size of plant can have an appreciable effect on gas costs. A plant of only
90x10? Btu/day is not large enough to achieve the best economy. This is equiva-
lent in product processed on a Btu basis to a petroleum refinery of only about
15,000 bbl/day capacity. The cost per unit of product is reduced by the petroleum
industry by increasing the size of refineries to 50,000-100,000 bbl/day. It would
be reasonable that coal gasification plants located at the mine would operate more
economically if the size were increased to 300-400X10? Btu/day. Large pipelines
readily transport 500-600X10% Btu/day.

Fig. 12 was prepared to show the effect of larger plants on the product gas
cost. The effect of increasing the plant size on the unit cost, exclusive of fuel
cost, was based on plant investment as a function of the 0.8 power of plant capacity.
The raw material cost, coal or shale, was $0.23/MMBtu. All other costs were
then assumed to vary as the 0.8 power of plant size. This is a simplication, but
serves to illustrate the savings possible with larger plants. Gas that costs $0.60/
MMBtu with a 90X10? Btu/day plant would cost about $0.50 with a 400X10° Btu/day
plant {Curve A), and $0.50 gas from the smaller plant would cost $0.43/MMBtu
with the larger plant (Curve B). Gas made from hydrogasification with hydrogen
irom the steam-iron process could be reduced from $0.52 to about $0.445/ MMBtu.

It is interesting to note that with the foregoing.assumption of the 0.8 power,
the investment cost of a coal-to-gas plant would be less than that of a 30-inch
pipeline, 1,000 miles long, for equal daily capacities, This length of pipeline
would be required to bring gas from Louisiana as far eastward as the coal fields
of West Virginia.
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INTRODUCTION

Petroleum and natural gas production in the United States is under continuous
study by organizations, both private and public, concerned with our energy supply.
Over the years these studies have led to many predictions as to when synthetic lig-
uid fuels would be needed. In the 1940's the United States became a net importer of
petroleum, the excess of demand over supply coming from abroad. In 1941, for ex-
ample, 1.402 billion barrels were produced and 1.486 billion barrels were consumed.
Although there is no need to produce liquid fuels synthetically at the present time,
it is comforting to have the know-how, just in case. Coal and oil shale are the f
logical raw materials since our mineable reserves are equivalent to trillions of s
barrels of oil, much of it near areas of consumption.

O

During the war years there was grave concern about our petroleum reserves, and

a review of the facts at congressional hearings led to the Synthetic Fuels Act of
1944, From the research program supported by this legislation came significant de-
velopments in the processing of cil shale and the hydrogenation of coal and carbon
_monoxide. The laboratories at Rifle, Colo., and Laramie, Wyo., demonstrated im-
proved mining methods and techniques for the conversion of oil shale to hydrocarbon
products. At Bruceton, Pa., and Morgantown, W. Va., large research programs were
carried out to demonstrate the methods of hydrogenation. At Louisiana, Mo., the
demonstration plant contained a semi-commercial unit for the hydrogenation of coal
and the latest concept, at that time, for the hydrogenation of carbon monoxide. The
coal hydrogenation unit could produce 200 barrels product a day, and over 1.5 mil-
lion gallons of gasoline were produced of which 1 million gallons were fleet tested
by the armed services. Once the demonstration units at Rifle and Louisiana were in
operation, economic studies were started, early estimates indicated costs of 9 cents
a gali7n for gasoline from oil.shale and 1k4.5 cents a gallon for gasoline from

coal. :

In the period between 1949 and 1953, the economics of synthetic liguid fuels
was evaluated by the Bureau of Mines, the National Petroleum Council, Ebasco Ser-
vices, Inc., and the Bechtel Corporation. These studies, although starting with
the same basic technological concepts, produced results which varied considerably.
Some of the accountable differences are found in the financial structure assumed
for the plants, the return on investment anticipated, and the cost of the mine,
startup expenses, byproducts, and royalties. However, there was one definitive
conclusion--none of the processes could produce a fuel that could compete with
~ petroleum.

The National Petroleum Councilg/ arrived at the following selling price for
gasoline at the refinery:

A
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0il shale 14,7 cents a -gallon
Gas synthesis 29.4 cents a gallon
Coal hydrogenation 36.3 cents a gallon

These costs assume 6 percent return on investment after taxes and limited credit for
byproducts. Although gasoline from shale can be produced at a lower cost, the areas
suitable for production are remote from major markets and transportation costs to
the west coast would increase the delivered price.

Developmen® of the processes for the formation of liquid fuels were continued
under the Synthetic Liquid Fuels Act until 1955. Research was then continued as
part of the Bureau's minerals research and development programs. The demonstration
plants were discontinued in 1G53.

Other processes that might be a source of liquid fuels were part of the research
program. Particular attention was given to low temperature carbonization where the
yields of 0il and tar may be relatively high. However, like the synthesis processes,
fuels made by carbonization are not economically competitive today.

The overall objectives were clear: For synthetic fuels to be competitive, major
cost reductions were necessary; for conservation of resources, technology had to be
improved; for national security, one or more processes should be on the verge of
commercial development.

Coal Hydrogenation

Improvements in the direct hydrogenation of coal were geared to making the proc-
ess less costly by looking for cheaper sources of hydrogen, improved catalysts, less
severe operating conditions, and reaction schemes that would simplify the overall
plant. Good catalysts were found that could be applied in very low concentrations,
but impregnation of the dry coal was required. FEmphasis had been placed on the use
of dry coal to eliminate the costly steps in paste preparation and handling. Al-
though conversion of the coal was high, the distillable oil product still required

" further processing to make it stable enough to be used as an automotive or aircraft

fuel. Thus only negligible savings could be demonstrated. An attempt to eliminate
some of the refining was made by hydrogenating coal in a high temperature, one-step
process. The reaction rate could not be controlled at temperatures above 480° C
unless the catalyst concentration was low, but then coking occurred.

Another approach was to provide longer reaction times at a much lower pressure
and to use more catalyst. It was demonstrated that the conversion of hvcb coal at
2000 psig was about the same as that obtained at much higher pressures and that a
distillable oil yield of the same magnitude could be recovered. Coal conversions,
for example, were around 95 percent at 2000 psig, and the average yields of dis-
tillable oil were about 65 percent. A further consideration was the anticipated
trend to gas turbines and heavier fuels that require less refining. It has been
demonstrated that heavy fuel oils could be produced by hydrogenation as low as
1500 psig.3/ ZEconomic gains could be realized from the reduced pressure operation
requiring less gas compression and lighter construction. These advantages were
partially offset by the increase in reactor volume required. Rough estimates in-
dicated that the.price of a gallon of distillate could be reduced from the NPC base
figure of 36 cents per gallon to sbout 25 cents per gallon--a considerable saving
but still far from competitive with gasoline from petroleum at 10 to 12 cents a
gallon.

Gas Synthesis

The hydrogenation of carbon monoxide to liquid fuels is a gas phase catalytic
process with several reaction systems possible. The first reaction systems were
fixed beds.with low throughput, but it was not long before improved reactors were
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developed. Among the later systems were the fluidized bed, o0il circulation, slurry,
and hot gas recycle. TFluidized bed reactors were not investigated by the Bureau of
Mines for the synthesis reaction hecause private industry was developing them. The
Bureau concentrated on the latter three processes to evaluate effectiveness, life,

and selectivity of catalysts and economics of the systems. For one reason or another i
all were eliminated except the hot gas recycle process which has prevailed because .
of catalyst shape developments which reduced pressure drop to a negligible value and j

orerating flexibility. Even at high recycle rates of 10 to 30 volumes of recycle gas
per volume of fresh feed gas, the recompression costs remain relatively low. The
improvements that made the difference were activated steel lathe turnings having
about 95 percent of void space in a reactor, parallel plate assemblies with the cata-
lyst flame sprayed on the surface, and the latest operable system which merely has
the catalyst flame sprayed on the wall of the reactor. Heat transfer problems in the
last configuration are limited to the rate at which the heat of reaction can be trans-
ferred through the pipe wall. Reactors of this advanced type are more versatile than
previously mentioned designs because they may be used for liquid or gas production.
The other systems capable of this bi-functionality are the fluidized bed and fixed
bed reactors. The product composition can be altered by changing the catalyst com- |
position or sometimes its pretreatment to make liquid or gaseous hydrocarbons or

oxygenated compounds. Regardless of the reaction system, it still takes about 650 !
cubic feet of synthesis gas to make a gallon of liquid product and L000 cubic feet )
of carbon monoxide and hydrogen to make 1000 cubic feet of methane. Using a syn- ‘
thesis gas cost of 15 cents per thousand cubic feet from coal at $% a ton, the con-
tribution of gas to the total cost is already 9.8 cents per gallon, or 60 cents per

1000 feet of high Btu gas.

(
o

0il Shale

Shales that will yield oil on pyrolysis are widely distributed in the United
States, but the deposit of most immediate interest as a possible source of liquid
fuels is in Colorado. This deposit in the Green River Formation is the world's
largest reserve of hydrocarbon material. The deposit in Colorado is the smallest
in area, about 1,500 square miles, but represents the largest reserve, about 600
“ billion barrels of oil in beds that will yield an average of 25 gallons per tdn._/
The Utah and Wyoming deposits have not been completely evaluated but represent
roughly 120 billion and 40 billion barrels of o0il, respectively. The oil produced
differs from petroleum in some important respects, but it can be refined by suit-
able processes to yield liquid fuels and other products now obtained from petroleum.

Mining costs, computed during the period of operation in the 1940's, ranged be-
tween 47 and 56 cents per ton.2 * They included underground labor, supplies, depre-
ciation, taxes, and administrative overhead. It is difficult to translate these
costs to the present because improvements in mining technigues and equipment, such
as rotary drills and ammonium nitrate based explosives, tend to offset increased
labor costs and capital investment. The mining method as developed is applicalbe
to cliff-face locations in the Colorado River drainage area. Most of the huge re- !
serve in the Piceance Creek basin of Colorado is in thicker beds away from the cliff
face and will require the development of special technigues for recovery.

The Bureau and several cooperating organizations have conducted crushing tests
on oil shale, using Jjaw, gyratory, impact, and roll-type equipment. Resulting data
have proved useful for some design purposes but are probably inadequate for exact
design of a commercial oil-shale crushing plant. The tough, elastic Green River oil
shale tends to form slabs that present screening and handling problems.

More than 2,000 oil~shale retorting systems have been patented throughout the
world, but these may be grouped into a few classes on the basis of method of heat
transfer (Table 1). :
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TABLE 1.- Classification of retorts

I. Heat is transferred to the shale through a wall.
II. Heat is transferred to the shale from combustion of product gases and residual
carbon within the retort. ’
I1I. Heat is transferred to the shale by passing previously heated gases or liquids
through the shale.
IV. Heat is transferred to the shale by mixing it with hot solids.

No single process is best for use under all conditions. Research is being con-
ducted by both Government znd industry in an effort to develop the technology needed
to produce fuels economically from Green River oil shale. Three processes have re-
ceived most recent attention. Two of these, the gas-combustion process developed by
the Bureau of Mines and the process of Union Oil Company of California, use combus-
tion gases for heat, whereas the third one, a process developed by the Oil Shale
Corporation (Tosco), retorts the shale by contact with heated ceramic or metal balls.

In the gas-combustion process an upward-flowing stream of gas contacts a de-
scending bed of broken shale. Recycled product gas entering the bottom of the re-
tort absorbs hest from the retorted shale. At an intermediate point, air is intro-
duced to burn the gas and some residual carbon on spent shale. The hot gases heat
the shale to produce oil that leaves the retort with the gases as a fine mist. At-
tractive features of this process are high thermal efficiency, oil yield, and re-
torting rate. Development of this process was discontinued in 1956 before it had
been completely verfected but has recently been resumed as the result of leasing
the Anvil Points Facilities of the Department of Interior to the Colorado School
of Mines Research Foundation. Through a subsequent contract with the Foundation,
Socony Mobil Cil Company and Humble 0il and Refining Company are conducting research
to complete development of the process.

The Union 0il Company retort is a countercurrent, moving bed type in which a
rock pump at the base of the retort forces the shale upward through the retort.
Heat for retorting is produced by the combustion of the carbon on the spent shale

“using air drawn down through the retort. Oil vapors in the gas stream leaving the

retorting zone are condensed on the cold shale in the lower part of the retort.
This process has essentially the same advantages as the gas-combustion process.

The Tosco process utilizes a horizontal rotating kiln in which pulverized raw
shale is heated by contact with preheated, closely sized metal or ceramic balls.
Carbon residue on the spent shale is used as fuel for reheating the balls. This
retort will presumably form the basis for commercial operations that have been an-
nounced by Colony Development Corporation, which is a joint venture of Standard Oil
Company of Ohio, Cleveland Cliffs Iron Company, and the 0il Shale Corporation.

As an alternative to the preceding processes, retorting oil shale in place in
the formation is a possibility. Because this approach involves a different set of
costs from those for mining, crushing, and surface retorting, it may be a more eco-
nomicil way to produce shale oil. Further, it should be applicable to many deposits
not readily amenable to the mining approach and would eliminate the necessity for
disposing of spent shale. However, development of the process presents formidable
research problems. For example, oil shale is essentially impermeable, so one of
the first problems is to create and maintain suitable permeability. Fracturing by
conventionsl petroleum techniques and by nuclear explosives is being investigated.
One drawback is that oil shale expands when heated and may result in the closing
of the required combustion path.

0il produced from shale of the Green River Formztion frequently has properties
that require the application of degradation processes, such as visbreaking, before
the 0il can be transported conveniently by pipeline. Also, these properties present
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some problems in the application of standard petroleum refining processes. For ex-
ample, the nitrogen content of 2 percent, which is particularly high by petroleum
standards, reduces the efficiency of catalytic processing techniques, and its pres-
ence in products promotes instability. Hence, special refining techniques are re-
guired. Hydrogenation is an effective processé/ for removing nitrogen, sulfur, and
oxygen from shale oil and for producing excellent yields of high quality jet, die-
sel, and distillate fuels. Such hydrogenated oils alsg are satisfactory charging
stocks for catalytic cracking and reforming processesz7 and may be suitable for use
ir manufacturing lubricants. Because of the potentialities of hydrogenation, most
of the Bureau's recent refining research has been devoted to this method.

Because shale oil differs in composition from most petroleums, converting it
to some products may result in byproducts not commonly obtained from petroleum, at
least not in as large quantities. Among these may be phenols, pyridines, and am-
monia. Others that are also commonly obtained from petroleum are hydrogen sulfide,
sulfur, and specific olefinic or aromatic hydrocarbons. - In addition to the by--
products from shale-oil processing, others may result from the retorting process. (
Because the exact byproducts obtained in any commercial operation will depend on q
details of the process used, their impact on the process is difficult to predict.

Bituminous Sands and Other Hydrocarbons ¢

Deposits of outcropping bitumen-impregnated rocks and near-surface deposits of
heavy crude oils in the United States are attracting attention as sources of fuels.
Interest in bituminous sand deposits of the United States stems from extensive stud-
ies of the world's largest deposit--the Athabasca tar sands in Canada--that cul-
minated in a commercial 45,000-barrel-per-day plant now being constructed by Great
Canadian 0il Sands, Ltd., in northeastern Alberta Province.

The scattered occurrences of bitumen-impregnated rocks in the United States,
including Alaska, have not been evaluated in detail; g tential reserves in place
are roughly estimated to be about 10 billion barrels,®/ of which the largest de-
posits in Utah, Texas, and California represent about 2 to 3 billion barrels of

- bitumen in place. A survey of information available on these domestic occurrences
has been made by Ball Associates, Ltd., under a contract with the Bureau of Mines.
Results of the survey will be published.

The only commercial production of fuels from a nonconventional source utilizes
gilsonite, a hydrocarbon occurring in limited quantity in the Uinta basin in Utah.9
For several years, the American Gilsonite Company mined about 1,000 tons of gilsonite
daily and transported the crushed.solid material in a water slurry 72 miles by pipe-
line to its refinery. Efficient hydraulic methods developed for mining and trans-
porting the gilsonite, including boring machines for drilling large-diameter (up to
62 inches) tunnels and shafts, offer advantages for recovering other minerals such
as coal. At the refinery, the crushed gilsonite is melted, mixed with hot recycle
0il, and refined into 1,700 barrels of gasoline and 300 tons of metallurgical grade 4
coke per day.

For several years natural gas was considered as the raw material for the pro-~
duction of synthetic liquid fuels and waxes using the Fischer-Tropsch synthesis. 1In
the 1940's natural gas had not yet become the preferred fuel for home heating and .
industrial firing, partly because an adequate pipeline system was not in existence.
Large quantities of natural gas near the source of supply could be contracted for
at about five cents per thousand cubic foot. Consumption was around 2 trillion
cubic feet per year. Most of the major oil companies and engineering companies de-
veloped workable processes for converting natural gas to higher hydrocarbons and had
worked out most of the analyses of their products. The only domestic synthetic lig-
uid fuel plant to get off the ground was the one built at Brownsville, Tex., by
Carthage Hydrocol in 1950. The Amoco Chemicals Corp. took over the plant in 1953 <
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and after engineering modifications declared the process as being technically sound.
However, by 1957 the consumption of natural gas had risen to 10 trillion cubic feet.
Raw material and other costs made the process uneconomical, and the plant at Browns-
ville, Tex., was shut down in 1957.

Today the only large synthetic fuels plant known to be in operation is the
SASOL plant near Johannesburg, South Africa. After several years the operation is
reported to be in the black and expansion is continuing. Economic operation is pos-
sible only because the coal is inexpensive and transportation costs are high to
bring vetroleum croducts from the coast. Coal is.delivered at the plant for less
than $1 a ton. Casoline sells for 25 cents per gallon at the refinery yielding a
net profit of about & cents a gallon. About 4O percent of the revenue from the
SASOL units come from the sale of byproducts used for the manufacture of synthetic
rubber, plastics, waxes, and fertilizers.

~ The Office of Coal Research, established in 1961, includes liquid fuels as one
of its objectives. An early contract was with the FMC Corp. to convert coal by
multistage carbonization into a liquid material to carry the char and other parti-
cles in a piveline. By 1964 small scale laboratory tests had been completed, and
2.100 1b ver hour plant was scheduled for operation.lg One of the experimental
objectives has been to convert as much as possible of the 41 percent of volatile
matter in %1kol coal to liguid products. The highest tar yields reported have been
less than half the estimated total.

The General Electric Co. had planned to use a high-voltage corona discharge as
an agent in the hydrogenation of coal into a liquid, gas, or chemicals. OSmall scale
experiments indicated that insufficient activation was produced by the corona dis-
charge, and work on a larger scale has been suspended. An economic estimate pre-
sented last yearii? indicated that the break even point was at a product selling
price of 2 cents per pound and a corona efficiency of 1.5 kwh/lb coal reacted.

Project gasoline was first evaluated by the Ralph M. Parsons Co. and was- con-
sidered to be feasible. The process as proposed by the Consolidation Coal Co. con-

- sists principally of extraction of a large part of coal in a recycle solvent, fil-

tration, separation of the extract from the recycle oil, and upgrading of the ex-
tract by catalytic hydrogenation. Estimates based on studies up to the present
time indicate that a commercial plant could make gasoline at a cost of 13.6 cents
a gallon.l2/ Hydrogen is a costly item in the process, and another OCR contract
with the MHD Research Corp. anticipates the production of hydrogen in a plasma for
25 cents per thousand cubic feet compared with 40O cents or more per thousand cubic
feet by conventional methods.

The Atlantic Refining Co. has proposed a process to mix coal and residual fuel
and to treat the mixture as a refinery feed stock. The coke residue would be burned
in an electric-generating station. It is estimated that the combined feed to the
coking unit would recover about 30 percent of the coal as liquid product, thereby
reducing the amount of crude charged to the refinery by about 30 percent.

Conclusions

Supplies of crude petroleum and natural gas, although abundant, are not in-
exhaustible, and provision is being made for the time when our vast coal and oil
shale reserves will be called upon to supply a significant quantity of liquid fuels.
The Bureau's approach on coal research has been to continue theoretical and practical
studies to reduce costs by improving stages in the process or by developing new proc-
esses. A flexible, integrated plant might emphasize production of different fuels
or byproducts under different economic conditions and even at different times of the
year. To reduce hydrogen requirements, an alternative is the partial conversion of
coal whereby most of the hydrogen is utilized as a hydrocarbon product. The char
product is used for generating power or making additional hydrogen by gasification.
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In recent years, oil shale research by the Bureau.of Mines has been limited to
small scale laboratory studies on refining and analysis. Large scale research and
comiercial development have been resumed within the last year. The cost of pro-
ducing gasoline from oil shale is almost competitive with gasoline from petroleum
on the west coast. One of the main problems is the isolated location of major
deposits.

The recent process developments discussed have added more to refined tech-
nology rather than provide significant savings in cost. As research is continued,
more savings will probably be shown but not large ones unless they occur in the
areas of gasification or reaction kinetics. It has been amply demonstrated both
in the United States and elsewhere in the world, that liquid fuels can be made N
from coal. Ixcept in isolated cases, costs are too high for coal to be a real

contender with petroleum at current prices.
7
Only by continued research will the remaining problems be solved. Research y
on both the fundamental level and engineering level will be continued in the hope (
that a major breakthrough on the costly steps can be achieved.
' )
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SO ASPECTS OF THE TRAUSPORTATION OF BITUHINOUS CCAL 1/
. IYLES L. ROBILiSON
ITATIOUAL COAL ASSOCIATION
1120 17th Street, . T,
UMushington, D. 7.

Since the war there have been ¢ignificant changes in the tramsportation nattern
of bituminous coal. An e:amination of these shifts will be the major burdern of this
rceport. lowever, for a better understanding; of tiese changes in tramsporxtation, it
will be useful first to review briefly the general marketing trends and the economic
climate in which the »ostwsr coal industry has develoned.

The demand for coal is ‘'derived' in the sense that its nature and extent is de-
termined by the demand for the services and productis which it helps to create - elec-
tricity, steel, such industrial nroducts as chemicals, paper, ctc. In other words,
vhere the demand for clectricity increases the nced for coal and competitive fuels
also eunands. This relationship is well illustrated by economic developments in th2
nosiwvar years.

At the end of the war, the uent-up demand for durable goods, particularly house-
hold items, appcared insatiable. Doth in newly constructed homes and buildings and
in thosc already functioning, the demand for appliances using some form of energy
mushvoomed. For instance, in 1947, 0.9 percent of our personal consumption expendi-
tures were for electricity, with an additional 0.5 percent for gas. By 1962 these
sercentages had climbed to 1.5 and 1.0, respectively. An even more significant indi-
cator of the sharp increase in energy consumption is to be found in the figure
"average kilowatt-hours used per customer.'’ The following tabulation shows the nost-
wvar nrowth in this statistic.

Average kilowatt-hour . Percent
per customer : 1946 1963 Increcse
Residential 1,329 4,442 234.2
Commercial 7,224 23,225 221.5
TOTAL - 5,422 13,367 146.5

Increases in the use of other sources of energy have also been substantial.

Along with the sharp increases in the use of coal, oil, and gas, have beer
certain trends in the economy which thoush more remotely connected with enerzy con-
sumintion have had considerable impact. Some of the trends in the general econcmy have
had and will continue to have a profounc cffect upon thz coal industry and upon its
atility to compete in the energy market. The scope of this paper and limitations of
time and snace prevent any claboration. These postwar changes in our economic en-
vironment have been: (1) the trend toward the substitution of price competition for
service competition; (2) an erosion in the price structure - discount nricing, etc;
(3) the trend toward diversification of interests; and (4) the growth of mergers and
consolicdations. Lach of these is having a profound, though not always direct, impact
upon the coal industry and each has been instrumental in shaping the transnortation
pattern for coal. 1/

Before discussing transportation and transportation trends for coal, an under-
standinz of market shifts since the war is essential. This back-drop is shown in
Table 1 below which sets forth the profound changes whicih have materialized since 1946
in the uses of coal.

1/ The term "coal' as used here and throughout the paper refers to bituminous coal
and does not include anthracite. )
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IABLE 1
BITUMINOUS COAL COHSULIPTION

By User Group, 1946-1963 -
(Thousands of Net Tons)

Percent
1946 - 1950 1955 1960 1963 1963 of 1946
flectric Utilities 63,743 §$3,262 140,550 173,382 209,038 304.1
Coking Coal 53,288 103,445 107,377 81,015 77,633 93.2 !
General Industry 249,671 177,673 122,465 _95,127 99,0006 39,7 j
Domestic Industry 401,702 369,380 370,392 350,024 385,677 96.0 ;
Retail Deliveries 93,684 84,422 53,020 30,405 23,540 23.9 g
Domestic Consump- ’ ' X
tion 500,386 453,802 423,412 300,429 409,225 51.8 1
Canada 21,330 23,009 17,135 11,625 13,762 62.9
Cverseas 19,329 2,459 34,092 24,570 33,316 172.4 (1
Total Consumption 541,595 479,270 474,689 416,924 456,303 84.3 a
PERCENT OF TOTAL CONSULPTION y
1946 1950 1955 1960 1963 e
Electric Utilities 12.7 15.4 29.6 41,7 45.8 -
Coking Coal 15.4 21.6 22,6 19.4 17.0
General Industry 46,1 37.1 25.8 22.3 21.7 1
Domestic Industry 74,2 77.1 73.0 33.9 84.5 :
Retail Deliveries 13.2 17,06 11,2 7.3 5.2 [
Domestic Consumption 92.4 9&.7 £9.2 91.2 £9.7
Canada : 4,0 4,8 3.6 2.8 3.0
Cverseas 3.6 0,5 7.2 6.0 7.3
Total Consumption 100.0 100.0 100,0 100.0 100.0
In the post-war period heavy losses were experienced in the consumption
of railroad fuel and in the retail markect where gas and oil, particularly
the formei, caused heavy erosion in coal's markets. ) R
The introduction .of the diesel locomotive started the precipitous drop
in railroad coal consumption, Decline in retail deliveries was over a
longer period, but was very substantial, For purposes of later comparisons,
railroad fuel has been included in '"general industry,' Tor our purposes, ‘
raiiroad coal consumpiion today is a negligible factor., The Bureau of Mines
recognized this in dropping the separate "Railroads' category of consump- .
tion in 1961, !
The full impact of the two market changes may be seen in the following:
Millions of ilet Tons
1946 1963 Tonnage
Electric Utilities 68.7 209.0 - - 140.3
Railroad Fuel 110.2 1.0(E) - 109.2 ;
Retail Deliveries 95.7 23.5 - _15.2
Net Change In These Categories - 44,1 “
(E) = Estimated I
<«




ol Aanabels

129

vote that in 1963 the electric utilities consumed 209.0 million tons of coal.

In 1946 the combined consumption of the railroads and retail outlets was 208.9 million
tons.,

Finally, a consideration which has had considerable influence in carving out
traffic paiterns, is the changins importance of markets. The unit train, for example,
is narticularly adapnted to moving utility coal for a market which was in fourth place
in 1945, being cxceeded by general industry, railroad fuel {not shown) and retail de-
liveries, yet by 1963 was in first u:lace.

The changes in coal's other markets were much less spectacular. Ione could
match the ranid grouth of utility demand which set the stage for large volume move-
ments and the fall-off in retail which as a result used less volume in shinping.

Distribution statistics in useable detail were not available prior to 1957, at
least statistics which could be compared to those of the 1957-1963 period. Statistics
in the last seven years have permitted the analysis of coal distribution by method
of transportation, by user category, and by districts of origin and states of desti-
nation.

Finally, we are using only coal-competitive areas in the transportation statis-
tics which follow. Inclusion of states with heavy gas or oil consumption and using
little or no coal would have little usefulness and could add complexity to this
presentation.

The transportation patterns for coal in the United States range from the rail-
roads vhich handle some three-fourths of all shipments, through water and motor
carriers to the coal nipeline, which while nresently inactive as will be discusscd at
a later point, still remains an important factor in any consideration of future dis-
Zribution.

Distribution of coal by each of these media, except the coal pipeline, is in-
cluded in the cuarterly summaries of distribution which have been jpublished by the
Burcau of Mines starting with 1958. 1/ Because of its confinement to one producer
and its reclatively limited life, the pipeline does not lend itself to statistical
trending and the establishment of firm relationships. Additionally, such information,

_even if available, could not be made public 11thout disclosure.

We will briefly discuss the coal pipeline after reviewing the 1957-1963 perlod
with respect to the more conventional forms of coal transportation.

Tables 2A and 2B show the changing pattern of coal transportation in the seven-
year period, 1957-1963. These fisures do not show distribution by mode of transporta-
tion, an approach reserved for later treatment in more depth of the pattern and prob-
lems of the movement of coal to the electric utility market

%

1/  Actually these sfatistics were assembled only for the year 1957, after which

they were made on a cuarterly basis.
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TABLE 2A ~ CHANGING PATTERNS OF DISTRIBUTION OF BITUMILICUS COAL
BY TYPE OF USER AIID BY REGTOM, 1957-1963
* COAL COMPETITIVE AREAS

(000 Tons)
Geographic Region and
Type_of User 1957 1958 1959 1960 1061 1962 1963
New England 11,909 10,871 11,150 9,313 9,074 9,997 10,017
Electric Utilities 6,012 5,768 6,336 6,000 6,723 7,225 7,770
Coke & Gas Plants 1,345 995 1,090 570 475 456 472
Retail Dealers 1,279 880 558 623 453 450 . 300
All Other 3,273 3,228 3,166 2,120 2,023 1,866 1,475
Middle Atlantic 92,596 74,8306 75,082 76,173 72,076 76,107 79,492
Electric Utilities 31,662 28,341 29,300 30,610 30,701 33,092 34,300
‘C. & G, 38,448 26,024 25,613 26,904 .23,765 24,047 26,138
R. D, 2,498 2,819 1,833 1,781 1,641 1,539 1,357
A, 0. 19,988 17,652 17,786 16,878 15,909 17,429 17,697
East North Central 170,697 147,238 161,242 158,125 151,278 159,391 164,423
Electric Utilities 66,436 61,822 68,360 69,572 68,199 74,750 78,944
C. & G, 38,757 26,011 30,103 30,709 27,127 26,496 27,709
R. D. 21,321 19,257 19,333 17,508 16,197 15,956 14,222
A, O, 44,183 40,148 43,445 40,336 39,755 42,139 43,548
Jest North Central 20,824 19,702 21,023 22,571 20,920 22,520 23,242
Electric Utilities 8,278 8,364 9,152 10,541 10,254 12,218 ¢ 13,179
C., & G. 1,518 1,041 1,131 945 592 768 776
R. D, 4,079 3,858 4,051 4,125 3,051 3,261 2,602
A, O, 6,949 6,439 6,689 6,960 5,423 5,273 6,635
South Atlantic 52,560 49,789 50,682 52,547 55,316 57,891 63,810
Electric Utilities 22,251 22,734 26,334 27,167 29,825 31,951 35,977
Co & G, 11,321 9,561 7,596 8,441 3,307 "8,316 9,008
R, D. 4,765 4,859 3,561 . 3,713 3,160 3,334 3,203
A, O, 14,223 12,635 13,191 13,226 14,024 14,290 15,628
East South Central 43,283 36,479 36,907 41,556 40,771 42,709 47,418
Electric Utilities 23,572 21,689 24,437 26,534 27,116 25,362 32,436
C. &G, 10,380 7,585 5,065 8,391 7,241 7,300 7,641
R. D. 2,494 2,495 1,904 1,959 1,863 1,810 1,999
A, 0, 6,837 4,709 4,501 4,672 4,551 4,737 5,342
Aountain 8,779 7,362 7,346 8,536 5,932 8,898 10,823
Electric Utilities 1,437 1,541 2,327 2,780 3,407 3,788 5,832
Co & G, 3,772 2,830 2,297 3,050 2,006 2,297 2,465
R, D. 1,350 1,291 1,154 1,167 1,117 1,193 1,122
A, O, 2,220 1,700 1,568 1,539 1,522 1,620 1,404
Total Coal Competitive
Repions ) 400,648 346,277 365,432 368,821 358,967 377,513 399,231
Electric Utilities 159,648 150,259 166,745 173,204 176,265 191,886 208,438
C. &G, 105,541 74,047 75,395 - 79,010 70,393 69,670 74,209
R, D, 37,786 35,460 32,444 30,876 28,082 27,543 24,805
A, O, 97,673 86,511 90,347 85,731 §4,207 88,404 91,7.7

A . ay

.Y

S S,




.

o

131

TABLLE 2B - CIANGING PATTERNS OF DISTRIBUTION OF BITUHIIIOUS COAL
BY TYPE OF USER AND BY TLGIOM, 1957-1963
COAL CONMPETITIVE ARTAS

(1957 = 100}

Geographic Repion and

Type of User 1958 1959 1960 1961 1962 1963
New England 91.3 93.5 78,2 51,2 3.9 84,1
Electric Utilities 95.9 105.,4 99.8 111,85 120.2 129,2
Coke & Gas Plants 74,0 81,0 4244 35.3 33,9 35,1
Retail Dealers 68.8  43.6 48.7 35,4 35,2 23,5
All Other 98.6 96.7 64,8 61,5 57.0 45,1
Middle Atlantic 80,5 si.1 82,3 77.8 52,2 85.8
"Electric Utilities 89,5 94,1 96,7 97.2 104.,5 103,3
C. &G, 67.7 66,0 70.0 61,0 52.5 68,0
it. D. 112,9 75,4 71.3 55,7 61.6 54,3
A, O, 88,3 39,0 84,4 79,5 37.2 8%,5
East North Central 86,3 94,5 92,6 58.5 93.4 96.3
Electric Utilities 93.1 102.9 104,7 102,7 112,5 118,8
C, &G. 67,1 77.7 79.2 70.0 68,4 71,5
R. D, 90,3 90,7 82.1 76.0 74,8 66.7
A, O, 90,9 98.3 91.3 20.0 95,5 93.6
West North Central 94,6 101.0 103,4 100,5 108?1 111.6
Clectric Utilities 101,0 110,6 127.3 123,9 147,6 159.2
C. & G. 65.6 7445 62.3 39.0 50.5 51.1
R, D, 94,6 99.3 101,1 09.5 79.9 63,8
A, O, 92,7 96.3 100,2 92,4 90,3 96,2
South Atlantic 94,7 [ 100.0 105.2 110.1 121.4
Electric Utilities 102,2 115,2 122,1 134,0 143.6 161,7
C. & G, 84,5 67.1 74,6 73.4 73,5 79.6
R. D, 102,0 76,7 77,9 66,3 70,0 67.2
A, O, 8C.8 92,7 93.0 9G.6 100.5 109.9
East South Central 84,3 £9,9 96,0 94,2 98,7 109.6
Electric Utilities 92,0 103,7 112.6 115.0 122,4 137.6
Cc, &G, 73.1 77.7 80.8 69,8 70,3 73.6
R, D, 100,1 70.3 78.5 74,7 72,6 60,2
A, O, 68.9 65.0 68. 66.6 69.3 78.1
Mountain 83.9 3.7 97.2 101,7 101.4 123.3
Electric Utilities 107,2 161, 193.5 237.1 263,6 405.8
C. & G. 75.0 50.9 80.9 756.5 60.9 65.3
R. D, 95.6 85,5 36,4 52,7 8G.4 83.1
A, O, 76.6 70.5 69.3 6.0 73,0 63.2
Total Coal Competitive Regions 36,4 91,2 92,1 29.5 94,2 99,6
Electric Utilities 94,1  104.4 108,5 110.,¢ 120,2 130,6
C. &G 70,2 71,9 74.9 65.7 66.0 70.3
R. D, 93.8 85.9 81.7 7443 72.9 65.6
A, 0. 83,6 92.5 87.8 56,2 90.5 94,0




132

In the scven-year period total coal changes in distribution, by regions, have

been these:

Region

New £ngland
Middle Atlantic
Last North Central
West North Central
South Atlantic
East South Central
Mountain

TOTAL

Percaent Total
Coal-Competitive

Tonnage Change

Tonnage 1957 to 1963
1957 1963 Gain Loss
3.0 2.5 - 1,892
23.1 19.9 - 13,104
42.6 41.2 - 6,274
5.2 5.8 2,418 -
13.1 16.0 11,256 -
10.8 11.9 4,135 -
2.2 2.7 2,044 -
100.0 100.0 19,853 21,270

Percent Change

Since 1957
Increcase Decrease

- 15.9

- 14.2

- 3.7
11.6 -
21.4 -

9.6 -
23.3 -

- 0.4

The changing distribution pattern for each of the categories we will discuss

follows: .
ELECTRIC UTILITIES
Percent Total
Coal-Competitive Tonnage Change Percent Change
Tonnage 1957 to 1963 Since 1957
Region 1957 1963 Gain Loss Increase Decreasec
New England 3.8 3.7 1,758 - 29,2 -
Middlz Atlantic 19.8 16.5 2,638 - 8.3 -
East North Central 41.6 37.9 12,508 - 18.8 -
WJest North Central 5.2 6.3 4,901 - 59.2 -
South Atlantic 13.9 17.3 13,726 - 61,7 -
Zast South Central 14.8 15.6 8,864 - 37.6 B
Mountain 6.9 2.7 4,395 - 305.8 -
TOTAL 100.0 100.0 48,790 - 30.6 -

The largest consumption increases among the users of coal have been in the
clectric utilities, the only consumption category which has seen an increase in each
However, the New England, Middle Atlantic, and East North
Central regions, the only ones with decreases in total distribution, show the
smallest increases in utility consumption.

of the seven regions.

Before discussing the transportation of utility coal in greater depth, the
regional distribution breakdown for the other major consumer groups will be shown

and briefly treated.

Region

ew Lngland
Middle Atlantic
East North Central
lest North Central
South Atlantic
East South Central
Mountain

TOTAL

COKE AND GAS PLANTS

Percent Total
Coal-Competitive

Tonnage Change

Percent Change

Tonnage 1957 to 1963 Since 1957
1957 1963 Gain Loss Increase Decrease
1.3 .7 - i 873 - 64.9
36.5 35,2 .- 12,310 - 32.0
36.7 37.3 - 11,048 - 28.5
1.4 1.1 - 742 - 48,9
10.7 12.1 - 2,313 - 20.4
9.8 10.3 - 2,739 - 26.4
3.6 3.3 - 1,307 - 34,7
100.0 100.0 - 31,332 - 29.7
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The fact that during this period distribution of coking coal was down 29.7 per-
cent, whereas the total consumption in all four groups was down by slightly more
than four-tenths of one percent, can be attributed to a large extent to the increased
efficiency in the use of coal in the steel-making process. An exact measurement of
this in isolation from other factors causing the decline would be difficult,

RETAIL DELIVERIES

Percent Total

Coal-Competitive Tonnage Change . Percent Change
Tonnage 1957 to 1963 Since 1957
Region 1957 1963 Gain Loss Increase Decrease

New England 3.4 1.2 - 979 - 76.5
Middle Atlantic 6.6 5.5 - 1,141 - 45.7
East North Central 56.4 57.3 - 7,099 - 33.3
West North Central 10.8 10.5 - 1,477 - 36.2
South Atlantic 12.6 12.9 - 1,562 - 32.8
East South Central 6.6 8.1 - 495 - 19.3
Mountain 3.6 4.5 - 228 - 16.9
TOTAL 100.0 100.0 - 12,981 - 34.4

The general decline in retail deliveries over this period is independent of
mode of transport employed. On the other hand, as will be discussed later, the
growth in utility consumption, as brought out in the distribution data, has been
affected, either directly or indirectly, by the means of transportation.

GENERAL INDUSTRY

Percent Total

Coal-Competitive Tonnage Change Percent Change
Tonnage 1957 to 1963 Since 1957
Region 1957 1963 Cain Loss Increase Decrease
New England 3.4 1.6 - 1,793 - 44.9
Middle Atlantic 20.5 19.3 - 2,291 - 11.5
East North Central 45,1 47.4 - 635 - 1.4
West North Central 7.1 7.3 - 264 - 3.8
South Atlantic 14,6 17.0 1,405 - 9.9 -
East South Central 7.0 5.8 - 1,495 - 21.9
Mountain 2.3 1.6 - 816 - 36.8
TOTAL 100.0 100.0 1,605 7,299 - 6.0

This is an important market for coal, but one where the constituent elements
are quite diverse and where transportation patterns are less significant than in the
distribution of utility coal. Yet in 1964 to the mine operators alone this field
will be worth in excess of half-a-billion dollars.

Competition from other sources of energy, particularly from oil, underlies some
of these changes. This is especially true in the New England, Middle Atlantic and
East South Central regions which, in 1957, accounted for 30.9 percent of all con-
sumption. By 1963 this figure had dropped to 26.7 percent. Reduced costs of trans-
portation, such as are made possible through the operation of unit trains, have not
yet been applied to this market area, to a large degree due to the heterogeneous
character of demand,

For obvious reasons, we will not examine the remaining markets for coal,
Canadian and overseas exports, which do not lend themselves to transportation as
developed in this paper.
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The last half of this paper will examine 1957-1963 trends in the distribution
of coal by mode of transportation, excluding the coal pipeline, and will conclude
with an analysis of the mannmer in which utility coal has been shipped. Because we
have more complete data on the electric utility market for coal, distribution for
this market has been assigned a major role in this report. Also, fortunately, we
have excellent statistics covering railway and barge movements of utility coal.
These two methods of transportation account for the bulk of utility movements.
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TABLE 3A

CHANGING PATTERNS OF DISTRIBUTION OF BITUMINOUS COAL (ALL USERS],
BY IEETIOD OF TRANSPORTATION AND BY REGION, 1957-1903

COAL COMPETITIVE AR:AS (EXCLUDES WEST SCUTH CENTRAL AHD.PACIFIC)

Geographic Region

Thousands of Net Tons

tethod of llovement _1957 1958 1959 1950 1961 1952 1953
Liev England 11,909 10,871 11,150 9,313 9,674 2,997 16,017
All-rail 4,161 3,043 4,310 4,038 4,373 4,458 3,044
Tidewater 7,748 7,228 6,340 5,275 5,301 5,539 6,373
Hiddle Atlantic 92,596 74,836 75,082 76,173 72,076 76,107 79,492
All-rail 40,566 32,445 35,530 35,102 34,132 36,889 35,513
River & Ex-River 23,346 17,082 16,623 17,718 16,519 17,262 19,353
" ‘Great Lakes 4,505 3,694 2,200 2,490 2,385 2,711 2,443
Tidewater 12,372 11,551 10,994 11,220 10,355 9,144 11,215
Truck 10,255 7,938 ¢,720 9,043 6,928 10,101 10,968
Tramway, Conveyor, :
& Private Railroad 1,550 2,076 - - 1,757 - -
Cast North Central 170,697 147,238 161,242 158,125 151,278 159,391 164,42
All-rail 96,146 78,679 82,241 77,224 69,267 73,7783 76,775
River & LEx-River 29,701 26,707 29,398 31,271 33,767 35,381 34,0625
Great Lakes 27,149 24,453 29,665 20,408 27,457 28,192 31,333
Truck 15,907 17,399 19,438 21,222 20,737 22,040 21,690
T.,C. & P.R. 1,794 - - - - - -
West North Central 20,824 _19,702 21,023 _22,571 _20,920 22,520 _23,242
All-rail 11,777 . 10,705 11,472 12,542 11,124 12,139 12,8657
River & Ex-River 2,575 2,854 3,492 3,469 3,882 4,135 4,278
Great Lakes 3,510 2,901 3,092 3,984 3,503 5,001 3,214
Truck 2,962 3,242 2,967 2,576 2,411 3,195 3,093
South Atlantic 52,560 _49,739 50,662 52,547 55,316 _57,5891 _63,810
All-rail 33,520 31,838 32,820 33,576 34,939 36,755 41,400
River & Ex-River 9,492 3,835 8,526 5,501 9,779 9,638 10,473
Tidewater 6,205 6,061 4,986 5,610 5,444 5,840 5,889
Truck 2,142 3,055, 4,350 4,360 3,101 5,658 6,04C
T., C. & P.R. 1,192 - - - 2,053 - -
East South Central 43,283 36,479 36,907 41,556 40,771 42,709 _47,410
All-rail 25,036 . 21,300 23,200 26,709 27,713 29,214 31,843
River & Ex-River 13,450 10,621 11,021 10,870 9,654 9,524 10,703
Truck ' 3,006 4,550 4,686 3,897 3,404 3,671 4,872
T., C. & P.R, 1,731 - - - - - -
ountain 8,779 7,362 7,346 8,536 5,932 3,095 10,823
All-rail 7,407 5,92 6,006 6,518 6,401 6,706 7,026
Truck 1,294 1,368 1,237 1,993 2,338 2,094 3,732
T., C. & P.R+ 78 53 53 25 103 93 65
Total Coal Competitive ‘
Regions 400,648 346,277 365,432 368,821 356,967 377,513 399,231
All-rail 218,622 184,529 195,579 195,789 - 183,039 199,989 205,866
River & Ex-River 78,566 66,099 69,575 71,829 73,601 76,240 79,432
Great Lakes 35,164 31,048 34,957 34,632 33,345 33,904 35,990
Tidewater 26,325 24,840 22,820 22,105 21,100 20,523 23,477
Truck 35,626 37,622 42,448 44,191 33,969 46,759 50,401
T., C. & P.R. 2,129 53 25 3,913 98 65

6,345



TABLE 3B

CHANGIIIG PATTLRIS OF DISTRIBUTIOW CF BITUMINOUS COAL (ALL USERS),
BY iETHOD OF TRANSPORTATION AND BY REGION, 1957~19063

COAL CCIIPCTITIVE AREAS (EXCLUDEZS ST SOUTH CENTRAL AND PACIFIC)

Geographic Region

Index, 1957=100,0

1957

Method of Iovement 1958 1960 1901 1962 1963
News Ensland 100,0 91,3 93.6 78,2 01.2 83.9 84,1
Ali-rail 87.6 103.6 97.0 105,1 107.1 87.6
Tidewater 93.3 - 88,3 68,1 084t 71,5 2.3
iddle Atlantic 100,0 80,8 1,1 52.3 77.8 32,2 85.8
Allerail 60,0 5740 86,5 06,1 90.9 87.5
River & en-viver 73.2 71.3 75,9 7C.3 73.9 82,9
Great Laies 82,0 5,0 55.3 52.9 60,2 54,2
‘Tidewater 93.4 GG.2 90,7 3.7 73.9 90,6
Truck )85.3 82,3 3l.7 73,0 35,6 92,9
T,,C.é& P.I, ) '

East ilorth Ceatral 100.0 86,3 92,6 3C.0 93.4 95.3
All-rail 81,8 230.3 72,0 76,7 79.9
River & ex-river 59,9 105.3 1i3.7 119,1 116,56
Great Lakes 90,1 104,60 101,1 103.8 115.4
fruck )93,3 119.,9 117 .4 124,5 122,5
T.,C.& PR, )

HWest llorth Central 100,0 94,6 108, 4 100.5 105,1 111,6
All-rail 90.9 106,5 94,5 103.5 107,5
River & ex=-viver 110,86 134,7 150,8 160,6 166,1
Creat Lakes 82,6 113.5 99.8 85.5 91,6
Truck 109,5 87.0 51.4 107.9 104 .4

South Atlantic 100.0 94,7 96.4 100,0 105.2 110.1 1214
All-rail 95,0 97.9 100,1 104,2 109.6 123.5
River & ex-viver 93.1 89,3 89,6 103,0 101,5 110.3
Tidewater 97.7 80.4 90.4 37.7 94,1 94.9

" Truck )91.6 130,5 145.8 154,6 169.7 181,3
T.,C.& P.R,

East South Central 100,0 84,3 39.9 56,0 94,2 98.7 109,6
£ll-rail 35,1 92,7 107.0 110.7 116,7 127.2
River & ex-river 79.0 1.9 80,8 71.8 73.0 79.6
Truck 94,9 97.7 81.2 71.0 76.5 101.6
T.,Ce& PN,

lountain 100,0 83.9 3.7 97,2 101.7 101, 4 123,3
All-rail 79.9 Sl.1 83.0 57.6 90.5 94,9
Truck Y105,0 97.7 147,1 177.9 159,.8 276.7
T.,C.& P.R.

Total Coal Competitive
Regions 100,0 80,4 91,2 92,1 59.5 94,2 99.6
All-rail 84,4 0%.5 89.6 56.0 91.5 95.5
River & ex~river 84,1 35.0 91,4 93.7 97.0 101,1
Graat Lakes 88.3 99,4 99,2 94,8 96,4 105.2
Tidewater 94 .4 36.7 34,0 80,2 78.0 89.2
Truck )94,7 101.3 105.3 102.2 111,86 120,2

T.,C.& P.R.

P
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First taking our coal-competitive states as a whole, all-rail has not quite
held its own since 1957, with 95.5 percent of the movement in 1963, 1/ Hovever,
the 1963 percentage vs. 1957 is better than that of any of the intervening years.
On the other hand both "River and Ex-River' (part rail - part water) and 'Great

Lakes" movements have strongly increased their traffic in coal since 1958, after a
dip from 1957 levels.

The trucking of coal in the over-all picture has risen by one-fifth since 1957,
with a strong and conmsistent increase, though reversals in the rate of climb were
experienced in 1958 and 196l. Until 1962, coal consumption through tidewater
delivery had been declining. By the development of volume movements for utilities
waterwvay operators jumped from 78.0 to 89.2 percent of 1957, Undoubtedly much of

this was at the expense of the rails though exact measures of impact are not avail-
able.

The following regional summaries of trends by mode of transport reflect the
chenges which are taking place in the consumption of coal, both geographically and
as between regions.

ALL-RAIL

Percent Total

™ Coal-Competitive Tonnage Change Percent Change
; Tonnugsz 1957 to 1963 Since 1957
o 1957 1963 Gain Loss Increase Decrease

{ Region ' (000y -~ (000)

: New England 1.9 1.7 - 517 - 12.4
Middle Atlantic 18.6 17.0 - 5,053 - 12.5

» East North Central 43.9 36.8 - 19,371 - 20.1

! West North Central 5.4 6.1 8860 - 7.5 -~

; South Atlantic 15.3 19.8 7,879 - 23.5 Co-

! East South Central 11,5 15.2 6,807 - 27.2 oo

. - Mountain 3.4 3.4 - 381 - 5.1

N TOTAL 100.0 100.0 - 9,756 - 4.5

:\‘ The largest rail loss in volume occurred in the East North Central Region,

[ where the erosion in traffic reached 19,371,000 tons, or a fall-off of 7.1 percent-
age points in the proportion to total in this largest region with respect to rail
traffic. As noted later, most of this loss went to river and ex-~river, The growth

) in water transport of ceal in this heavy rail traffic region can be assigned in

: large part to inter-energy competitive forces.

) The gain in rail traffic in the South Atlantic and East South Central Regions,
a combined 'plus" of 3.2 percentage points, is largely attributable to volume move-

) ment of coal in trainloads. :

|

K RIVER_AND EX-RIVER MOVEMENTS

Only five of the seven regions have river transportation. Of the other two,
: New England has tidewater movements while the Mountain Region has no water transpor-
tation of any kind.

}

? River and ex-river movements of the five regions are shown for the seven-year
L _ span in the table below. These movements gained in three of the five regions, with
t the gains in the East North Central States, as noted above, roughly equal to their

1/ We have firm data for only the first half of 1964. Trends since the introduc-.
- tion of the unit train will be discussed at a later point.

R

-
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loss in rail importance. A substantial loss in river and ex-river importance in the
East South Central Region just about equalled its rise in rail proportions. Obvious-
ly the services offered by the railroads and generally favorable rates have siphoned
off much of this business.

TRIVER AND EX-RIVER

Percent Total

Coal-Competitive Tonnage Change Percent Change
Tonnage 1957 to 1963 Since 1957
1957 1963 Gain Loss Increase Decrease
Region (000) (000)
Middle Atlantic 29.7 24.3 - 3,995 - 17.1
East Horth Central 37.6 43,6 4,924 - 16.6 -
West North Central 3.3 5.4 1,703 - 66.1 -
South Atlantic 12.1 13.2 981 - 10.3 -
East South Central _17.1. 13.5 - 2,747 - 20.4
TOTAL 100.0 100.0 866 - ' 1.1 -

GREAT LAKES MOVEMENTS

The chief point of significance in the Great Lakes figures is the substantial
growth in the East North Central volume. As pointed out above, rail traffic has
declined in relative importance in this area, while river and ex-river importance
has increased to a lesser extent but still showing a very important growth. thile
hardly a revolution in transportation, the switch is most pronounced. As will be
pointed out later, much of this increase in water movement has been in utility coal.

GREAT LAKES
Percent Total

Coal-Competitive Tonnage Change Percent Change

Tonnage 1957 to 1963 Since 1957

1957 1363 Gain Loss Increase Decrease
Region (000) (000)

Middle Atlantic 12.8 6.6 - 2,062 - 45.8

East North Central 77.2 4.7 4,184 - 15.4 -
West Horth Central 10.0 8.7 - 296 : - 8.4

TOTAL 100.0 100.0 1,626 - 5.2 -

TIDEWATER MOVEMENTS

In the case of tidewater transportation of coal, the only three regions with
such movements showed decreases ranging from 5.1 percent for the South Atlantic
states to 17,7 percent in the New England states. While there was a small adjust-
ment in the seven-year period in the proportion of tidewater traffic by region, over-
all decrecases were experienced throughout the tidewater area,

TIDEWATER
Percent Total
Coal-Competitive Tonnage Change Percent Change
Tonnage 1957 to 1963 Since 1957.
1957 1963 Gain Loss Increase Decrease
Region (000) (000)

New England 29.¢4 27.1 - 1,375 - 17.7
Middle Atlancic 47.0 47.8 - 1,157 - 9.4
South Atlantic 23,6 25.1 - 316 = 5.1
- TOTAL 100.0 100.0 - 2,848 - 10.8

~

4
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TRUCIL, TRAMWAY AND CONVEYOR IIOVEMENTS

Unfortunately it is not possible to separate truck movements from tramway and
conveyor in all of the regions. However, truck operations considerably exceed those
of the other two types, In 1957, 41,971,000 tons were transported by the three
media, or 10.5 percent of total movement, By 1963 the total was 50,466,000, or 12.6
percent of over-all traffic. The significant fact is that in all regions except
New England, and that by a small decrease, traffic expanded, with the largest
growths in the East MNorth Central, South Atlantic, and Mountain Regions.

The important newer developments in the transportation of coal - the unit train,
the coal pipeline, and volume movements - have all been associated with the shipment
of coal for use by the electric utility industry. This section of the report rein-
forces the earlier sections by showing how the utilities have participated in the
changing transportation pattern. In fact, because of its size among the customers

of coal, the utility industry's experience with transportation actually did much to
establish the over-all pattexn.

Table 4 below covers the methods of distributing utility coal, by region of
destination, for the period 1957-1963,
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TABLE 4A .
ELECTRIC UTILITY COAL, PATTERIIS OF DISTRIBUTION,

COAL COIPPETITIVE AREAS (EXCLUDES WEST SOUTH CENTRAL AND PACIFIC)

Geographic Region

Thousands of Net Tons

Hethod of Movement 1957 1953 1959 1960 1961 1962 1263

New ‘England 6,012 5,768 6,336 6,000 6,723 7,225 7,770
All-rail 1,607 1,199 2,031 2,313 2,875 3,005 2;45—
River & ex-river - - - - - - -
Great Lakes - - ~ - - - -
Tidewater 4,405 4,569 4,255 3,687 3,848 4,220 5,340
Truck - - - - - - -
T.,C.& P.R, - - ~ - - - -

Middle Atlantic 31,662 28,341 29,300 30,610 30,761 33,092 34,300

" R.R. 13,136 11,951 13,202 14,001 15,402 17,433 17,414
River 2,017 2,023 2,004 2,196 2,257 2,291 2,303
Great Lakes 2,053 1,434 1,271 1,143 312 1,269 83
Tidewater 9,058 8,084 5,209 8,900 8,605 7,459 8,801
Truck )5,398 2,333 4,954 4,370 2,409 4,640 4,901
T.,C& P.R. ) 1,516 1,276

East Horth Central 56,436 61,322 65,360 69,572 635,199 74,750 78,944
R,R, 28,144 23,811 23,509 22,389 20,222 23,1380 26,123
River . 19,087 19,185 21,343 23,209 25,471 27,247 27,273
Great Lakes 11,940 10,707 13,434 12,607 11,465 12,726 14,467
Tidewater - - - - - - -
Truck 5,533 )8,119 10,074 11,367 11,041 11,597 11,081
T.,C.& P,R, 1,732 )

West North Central 8,278 8,364 9,152 10,541 10,254 12,218 ~ 13,179
R.R. 5,011 4,219 5,070 6,036 5,639 6,562 7,145
River 1,781 2,235 2,760 3,004 3,359 3,636 3,785
Great Lakes 685 840 539 987 791 759 751
Tidewater - - - - - - -
Truck 301 1,070 783 514 415 1,261 1,498
T.,C.& P.R, - - - - - - -

South Atlantic 22,251 22,734 20,334 27,167 29,825 31,951 35,977
R,R. 15,615 16,426 18,314+ 18,309% 19,563*% 21,418 25,133
River 3,231 3,262 3,342 3,754 4, 754 4,828 4,917
Great Lakes - - - - - f- -
Tidewater 1,437 1,572 1,491% 1,465%  1,414% 1,388 1,485
Truck 1,198 1,474 3,187 3,639 2,167 4,317 4,442
T.,C.& P.R, 770 - - - 1,927 - -

East South Central 23,572 21,689 24,437 26,534 27,116 23,862 32,436
R.R, 9,158 9,491 11,5640 14,479 16,635 18,035 19,963
River 11,178 8,545 9,144 9,079 7,023 0321 8,756
Great Lakes - - - - - -
Tidewater - - - - - - -
Truck 1,505 3,653 3,653 2,976 2,655 2,745 3,717
T.,,C.& P.R. 1,731 - - : - - - -

* Estimated from incomplete data,
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TABLE 4A - Cont'd.
ELECTRIC UTILITY COAL, PATTERIIS OF DISTRIBUTIOII,

BY METHOD OF TRANSPORTATION AND BY REGION, 1957-1963

COAL COMPETITIVE AREAS (EXCLUDES WEST SOUTH CENTRAL AID PACIFIC)

Geographic Region

Thousands of Net Tons

Hethod of llovenent 1957 19505 1959 1960 1951 1962 1963

Mountain 1,437 1,541 2,327 2,730 3,407 3,738 5,832
LR, 1,103 938 1,702 1,455 1,621 2,190 " 2.545
River - - - - - - -
Great Lakes - - - - - - -
Tidewater - - - - - - -
Truck 298 550 572 1,300 1,633 1,500 3,222
T.,C.& PR, 36 53 53 25 103 38 65

Total Coal Competitive
Reaions 159,648 150,259 166,746 173,204 176,235 191,086 208,438
All-rail . 73,774 68,035 75,595 70,982 82,010 91,824 100,753
River & ex~-river 37,294 35,250 35,593 41,262 43,064 46,003 47,034
Great Lakes 14,678 12,981 15, 244 14,737 13,068 14,754 16,099
Tidewater 14,900 14,225 14,035 14,052 13,067 13,067 15,626
Truck 14,733 19,715 23,223 24,166 20,370 26,060 23,861
T.,C.& P.R, 4,269 53 53 25 3,300 98 65

TABLE 4B
Index, 1957=100.0

New England 100.0 95.9 105,4 99.8 111,28 120,2 129,2
All-rail 100.0 74,6 129.5 143,9 178.9 157.0 . 151.2
River & ex-river - - - - - - -
Great Lakes - - - - - - -
Tidewater 100,0 103,7 96,06 83,7 87.4 95,8 121,2
Truck - - - - - - -
T.,C.& PLR, - - - - - - -

Middle Atlantic 100,0 89.5 94.1 96,7 97,2 104.5 108.3
R.R, 100.0 91,0 101.1 106,6 117.3 132,7 132,6
River 100.0 100,3 99.4 108.9 111,9 113,6 114,2
Great Lakes 100.0 69.8 61,9 55.7 39.6 61.8 42,9
Tidewater 100,0 89,2 91,5 98,3 95.0 82.3 97.2
Truck )100,0 89,8 91,8 81.0 68,3 36,0 90.8
T.,C.& P.R, )

East North Central 100.0 93.1 102.9 104.7 102,7 112,5 118.8
R.R, . 100,0 84,6  83.5 79.6 71.9 82,4 92.8
River 100,0 100,5 111.8 121,6 133.4 142,8 142,9
Great Lakes 1000 89,7 112,5 105.6 96,0 106,6 121,2
Tidewater - - - - - - -
Truck )100,0 111,8 138.7 156.5 152.0 159.6 152.5
T.,C.& P.R. ) : )
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TALLE 4B - Cont'd.,
ELECTRIC UTILITY COAL, PATTERIIG OF DISTRIBUTIOII,

BY IETHOD OF TRANSPORTATIOL AilDd BY REGION, 1957-1963

COAL COiPETITIVE AREAS (EXCLUDES ULS5T SOUTH CENTRAL A PACIFIC)

Geographic Region

Tndexx, 1957=100,0

1962

llethod of Movement 1957 1953 1959 1960 1961 1953
West llorth Central 100,0 101,0 110,6 127.3 123,9 147,56 159,2
LR, 100,0 34,2 101,2 120,5 113,5 © 131.,0 142,06
River 100,0 125,5 155,0 168.7 183,06 204.2 212.5
Great Lakes 100.0 122,6 73.7 144,1 115,5 110,8 109.6
Tidewater - : - - - - - -
Trucic 100.0 133,6 97.8 64,2 51,8 1574 187.0
T.,C.& PR, - - - - - - -

South Atlantic 100,0 102,2 115,3 122,1 134,0 143,06 161,7
R, I, 100,0 105,2 117.3 117,3 125,3 137.2 161.,0
River 100,0 101.,0 103, 4 116.2 147,1 149.4 152,2
Great Lakes - - - - - - -
Tidewater 100,0 109.4 103.8 101,9 95,4 96,6 103.,3
Truck 100.0 74.9 161,9 184,9 208.,0 219.4 225,7
T.,C.& PLR, - - - - - - - )

East South Central 100.0 92,0 103.7 112,6 115.0 1224 137.6
TeR. 100,0 103.,5 127,1 158.1 1501,7 196,9 213,0
River 100,0 76.4 sl,8 81.2 70.0 72,3 78.3
Great Lakes - - - - - - -
Tidewater - - - - - - -
Truck 100.0 112,9 112,9 92,0 82.0 54,8 114.,9
T.,C.& P,R. - - - - - - -

Mountain 100.0 107.2 161,9 193,5 237,1 263.6 405.¢8 .-
ReR. 100,0 35,0 154,3 131.9 14£7,0 193.,5 230.,7
River - - - - - - -
Great Laies - - - - - - -
Tidewater - - - - - - -
Truck 100,0 180.5 157,1 396.7 534.7 478.4 984,17
T.,C.& P.i. - - - - - - -

Total Coal Competitive :

__Regions 100,0 94,1 104, 4 108.5 110,4 120,2 130,¢
All-rail 100,0 92,2 102,5 107,1 111,2 124,5 136,¢C
River & ex-river 100,0 94,5 103.5 110.6 117,1 123,6 126,1
Great Lakes 100.0 88.4 103,9 100.4 89,0 100,5 109.7
Tidewater 100,0 95,5 9t4,2 94,3 93.1 87,7 104,
Truck - - - - - - -

T.,C.& P,R,

Source: Bituminous Coal and Lignite Distribution, Branch of Coal Lconomics, Division

of Coal, Dureau of Mines, U, S, Department of the Interior,
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A breakdowm of regional receints by mode of transportation highlights the seven-
year changes which have taken place in the distribution landscape,

ALL=-RATL (IQVELEITS

Percent of Total - Percent Change

Utility lovement over 1257
Cenion 1957 . 1963 Increase lecrtease

New Zngland 2.2 2,4 51,2 -
Middle Atlantic 17.8 17.3 32,06 -

East iforth Central 38,1 25,9 - 7,2
West ilorth Central 6,3 7.% 2.6 -
South Atlantic 21,2 25,0 61.0 -
East South Central 12,4 1%2.8 118,0 -

Mountain 1.5 2.0 130.7 -
TOTAL 100.0 100.0 36,5 -

The only decrease in utility tonnage was in the East North Central Region vhich
sav this business drop 7.2 percent and slip from 33.1 percent to 25,9 percent of all
utility shipments in coal-competitive regions., As will be shown below, utility vol-
ume in this region has shifted from rail to water,

The largest increase in volume in an important area was in the East South Cent=
ral states, which sawv a rise of 130,7 percent, with participation in the total rising
from 12,4 percent in 1957 to 19,8 percent by 1953, A healthy increase also took
clace in the South Atlantic Region. Both of these areas have benefitted from volume
rates and trainload movements, especially adapted to utility coal movement,

RIV‘ER AMD EX-RIVER LCVEIERTS

Percent of Total Percent Change
Utility Movement over 1957
Derion 1957 1963 Increase Decrease
Middle Atlantic 5.4 £.9 14,2 -
East tlorth Central 51,2 5.0 42,9 -
West llorth Central 4,8 .0 112.5 -
South: Atlantic 8.6 10,5 52,5 -
East South Central 30,0 5.0 - 21,7
TOTAL 100.0 10C.90 26,1 -

These river and ex~-river figures for utility coal show two significant though
onposite trends. River movements in the East ilorth Central Region were up 42,9 per-
cent, with the region's participation in total utility shipments up from 51,2 per=-
cent to 55,0 percent, This is the area (Ohio, Indiana, Illinois, Yisconsin and
Michigan) where the barging of utility coal has grown rapidly to facilitate the
meeting of nas competition,  Increased use of rail, though several contracts have
alraady been consummated for volume movement in unitized trains, will not show up
yet in recent or current figures,

On the other hand, movements by rail in the East South Central Region (Kentucky,
Tennessee, Alabama and liississippi) have increased at the expense of water, which
has declined 21,7 percent and even more significantly now is responsible for only
i3,6 percent of total movement, compared to 30,0 percent in 1957, Again, this move-
ment is of utility coal and the railroads, both in service and cost, have worked with
the shippers and receivers to make possible a low delivered price.
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Only threc regions have any Great Lakes coal movements, as set forth in the
following tabulation:

GREAT LALES LOVTILITS

Percent of Total Pexrcent Change
Utility Movement over 1957
Denion 1957 1963 Increase Decrease
tMiddle Atlantic 14,0 5.5 - 57.1
East ilorth Central 81,3 9.9 21.2 -
tlest llorth Central 4,7 4,6 9.6 -
TOTAL 100,0 100,0 9.7 -

As shown above, substantial increases have taken place in rail and river move-~
ments, Much of this coal has been diverted from movement on the lakes,

While tidewater coal has slipped in the over-all picture, its importance in the
movement of coal to llew England has increased by 4,6 percentage points, matched by a
nearly equal decrcase to the Middle Atlantic areca, Increased use of tidewater to
New England is an important part of the efforts of the coal Industry to market its
product in an area vhere transpert costs have been a barrier to entry,

TIDEWATERI«XELEHTS

Percent of Total . Percent Change
Utility llovement over 1957
Repion 1957 1963 Increase Decrease
New England 29.6 34,2 21,2 -
Middle Atlantic .60,3 56.3 - 2,86
South Atlantic 9.6 9.5 3.3 -
TOTAL 100,0 100.0 4,9 -

Unfortunately, as true with utility movement as with total distribution truck
statistics are not clear in the sense that: (1) tramway, conveyor, and private
railroad data may be lumped in with truck fipures, and (2) there is no apparent
pattern used in assembling such information,

Feeping in mind the possible unreliability of such data in zeneral, these
statistics, based on the same distribution data of the Bureau of iiines used through-
out this report, indicate the progress of trucl: transportation of coal over the
seven years,

TRUCK MOVELELTS 1/

Percent of Total Percent Change
Utility Movement over 1957
Repgion 1957 1963 Increase Decrease
Middle Atlantic 28,4 16,9 - 9.2
East North Central 33,2 3C.3 52.5 -
Jest lorth Central 4,2 5.2 87.0 -
South Atlantic 10,4 15,4 125,7 -
East South Central 17,0 12,8 14,9 -
Mountain 1.8 11,.% 884.,1 -
TOTAL 100,0 100.0 95,2 -

1/ Contains movements of tramways, conveyors and private railroads - 4,269,000
tons in 1957 and 65,000 tons in 1963, Separate break-outs of truck movements are
not available,
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The most significant change is in the East liorth Central areca which while in-
creasing movement 52,5 percent maintained its percentage share of the truck volume.
It is this area vhere rail movement decreascd substantially, largely eroding to water
and motor transportation.

The next, and summary tabulation, shows the changes which have taken place in
the share of each region's utility market by cach mode of transportation,

CHANGE IN PENCZNTAGE POINTS
IN SHARE OF UTILITY COAL VOLUME,
BY REGIOM, BY MEAIIS OF SHIPMENT,

1963 vs, 1957

River and Great
Region Rail Ex-River Lalkes Tidewater Truck, etc.

New England + 0,2 - ' - 4,6 -

Middle Atlantic - 0,5 --0,5 ~G0.5 -4,5 -11.5
East North Central -12,2 + 6.8 8,6 - + 0.1
West HMorth Central - 0.3 + 3,2 -0,1 - + 1,0
South Atlantic -+ 3.8 + 1.9 - -0,1 4+ 5.0
East South Central 2 7.4 -11.4 - - - 4,2
Mountain -+ 1,0 - - - + 9.6

Rail's major gains have generally been in the south, with water's chief advances
in the north, Major loser with respect to all five forms of shipment has been the
Middle Atlantic area, Minor truck transport gains have been experienced in four of
the regions where coal is trucked.

Any realistic comparison of the cost to the coal shipper of using the various
transportation techniques is not feasible, This is brought out in our description of
each mode in its coal transportation function.

Rail transportation has long been the major method of getting coal from the
mines to the market., The assembly, classification, line haul and distribution of
coal has been without pattern of organization, especially as between coal-carrying
roads. Rate differentials exist between operators with respect to sources and
markets, However, this is not the place to be specific and to go into detail,

The one exception to date has been the transportation of utility coal. In orde:
to permit the delivery of coal at the lowest price (cents per million b,t.u,'s) to
meet competition from gas and oil, and undoubtedly in the future from nuclear power,
two steps have been taken by coal producers, railroads, and utilities in cooperation,
though of course, primarily by the first two: (1) guaranteed volume, and (2) unit
train operations,

First to develop were guaranteed volumes, where the railroads would allow lower
rates for a guaranteed annual tonnage, The utility would then take the tonnage, if
the delivered price would be right,

This type of transportation has not gained the attention or the imagination of
the public as has the "unitized train,"” Starting early in 19563, this type of rail .
movement offers low train-load rates for coal assembled from a very limited number
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of origins (mines) to one or two utility destinations. Rate reductions hinge on a-
number of considerations. A cut of from one-fourth to one~third represents the
general range. The term "integral train' is sometimes used to describe this opera-
tion, ' No such train exists, except perhaps on the drawing boards. With such a
train, equipment is special and the train exists as a unit not to be broken up. A
typical movement, for example, as provided in one tariff, is three days from
Hestern Pennsylvania to the New York-New Jersey industrial (utility) complex, heavy
penalties foxr delay in unloading and a return trip in another three days. The truye
integral train is some time off. However, wmeanwhile the unitized train is helping
the coal industry stem and in many instances reverse the erosion of its markets,

Vatex transportation has been instrumental in delivering low cost coal to
utilities and industries on or near waterways. Statistics, other than those devel-
oped above, are scarce, especially with respect to cost. A relatively large volume
of this traffic is classifiable as private transportation, This has been very
effective in maintaining coal competitive in the Chio-Mississippi system, as well as lj
.other river complexes,

In the years ahead, water transportation, especially on inland waterways, will
be an increasingly effective weapon in coal's competition with gas and oil,.

Truck transportation, the third of the standard modes, does not lend itself to
cost or operating analysis. Again, this is a private operation, even more than -
water carriers, There is no comnon carrier movement- of coal. UWith few or no .
detailed reports to be made to government, either fecderal or state, average length
of haul, rates, volume, etc, are open to question. The only national figures are
those reported to the Bureau of Mines, showing such information as has been set
forth previously.

DN

The role of truck transportation in the coal markets of 1970 and beyond cannot 1
be assessed from this point, ‘

The Coal Pipeline. Before concluding this paper, reference should be made to
the coal pipeline. From its origin in 1957 to transport coal from Consolidation
Coal Company's Georgetoun mine at Cadiz, Ohio some 105 miles to the Cleveland
Electric Illuminating Company's Eastlake Plant, the pipeline excited imagination.
Operating costs have not been made public, The Ohio pipeline was deactivated in the
fall of 1963, after having been operated for an estimated 700 million ton miles of
coal, because railroad rates on the same coal were substantially reduced, It has
been effectively demonstrated that this method of transportation is entlrely feasi-~
ble technically.

Tentative plans have been made, in one instance progressing to a point where
attempts were made through the action of state legislatures to obtain eminent domain
rights, to provide coal pipelines (1) from West Virginia to the New York-New Jersey
industrial area, (2) from southern Illinois to Chicago, and (3) to the West Coast
(California) from Utah and surrounding areas. However, until coal pipelines can
secure eminent domain in interstate operations, a right now possessed by competing
fuels, expansion of the pipeline will be seriously handicapped.

There are many facets of coal transportation which we have not tapped, such as
comparative costs as between transport modes and with respect to coal and competing
fuels. To be reasonably adequate, in the case of coal such costs would have to be
constructed rather than obtained from official records. Such data would not serve .
our purpose.
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The transportation future for c¢oal is a bright one. This is very favorable,
as chief future reductions in the delivered price of coal will have to come from
distribution rather than production.
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ECONOMICS OF ENERGY TRANSPORTATION -
PETROLEUM AND PETROLEUM PRODUCTS TRANSMISSION

By J. A. Horner, President
Shell Pipe Line Corporation

INTRODUCTION
The transportation of petroleum and petroleum products is at the
same time competitive and complementary...trucks compete with railroads and

pipelines; pipelines compete with barges and tankers; tankers-compete with

barges, and so on. At the same time these competitors complement each other

in that a single unit of petroleum energy, to achieve its most economical

N

delivery, may be handled by as many as four separate transportation media
from the wellhead to the consumers tank.

This complex transportation system supplies some 1-1/2 million
tons (approximately 10.9 million barrels per day) of petroleum products aaily {
‘to such diverse destinations as service stations, home heating tanks, pubiic
Autilities, railroad fueling yards, ships' bunker tanks, and the nation's
airports.

0il today efficiently supplies 4l percent, per Table 1, of the
nation's energy requirements. Some 50 percent of this is supplied to the
so;called safe market--motive fuels. EKere, severe competition between supply-
ing companies within the oil industry provides every incentive for continuous
improvement of transportation facilities. To supply and retain the other
50 percent of oil's energy market, the industry's competition is not only
between the many supplying companies, but there is rigorous competition from

other energy sources, mainly gas and coal.
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Thus, there is not only great emphasis in our business on the
economics of transportation, but there is the sheer necessity of competing

in the market place if individual companies are to survive and prosper.

I. STATE OF DEVELOPMENT

This trahsportation of en=rgy is in two parts: the collection at
refineries of the crude oil from remote sources and the dispersion of prcd-
ucts to the market. While unit transportation costs are low, they are
significant and total approximately 2 cents per gallon at such destinations
as New York, Chicago, and Los Anéeles. Thus, the money to be saved by
economicai transportation is great, and the justification for investment in
freight-saving facilities is correspondingly great.

The main facilities which effect this efficient transportation job
form an impressive total as detailed in Table 2. Today's replacement cost
minus depreciation is estimated at $7—l/2 billion; original gross investment
is perhaps $5 to $6 billion.

In addition to the facilities included in the foregoing, petroleum
utilizes such specialized distribution systems as pipeline fueling at seven
major commercial airports and about fifty-two military air bases, dozens
of marine terminals, pipélines for delivery to utilities and railrbad yards,
and pipelines for supplying heating oil direct to some 50,000 homes, mainly
in housing developments.

Comparative use of petroleum's main transportation facilities and
trends in such usage are listed in Table 3. Compared to 1940 and 1950,

trucks and pipelines are handling a much larger share of petroleum tonnage
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delivered daily, but since 1955 tﬁe division of tonnage delivered has
changed very little. Actually, a precise comparison of the work done-by
the different categories of trahsportation should include the distance
hauled, with the tabulation expressed in ton-miles, but statistics on this

basis are not available. It is evident, however,. that since the pipeline-

and marine categories fransport petroleum the longest distances, they thus
perform the bulk of the ton-mile transportation job. i
What are the economic fofces which have led to this "state of
development"? Basic, of course,.is the compétitive drive already noted,
but the trends and improvements in new facilities reflect the eccnomic impact
-of two major factors: (A) large-lot transport over maximum distance,
(B) technological development including automation.
A. LARGE-LOT CONCEPT
Super'tankers, large barge tows, jumbo tank cars, mammoth trucks,
large diameter pipelines all testify to the simple economic fact that large
quantities can be transported cheaper than small quantities--per ton. Costs
are spread over more units. Extra handling is also minimized by the large
trucks delivering direct from refineries and terminals to service stations
and consumers, thus bypassing bulk depots. Table 4 illustrates the size of
today's transportation equipment and how it compares with that of twenty
years ago.
Amount of freight saved by the large-lot concept is illustrated
in Table 5. Thus, for example, a new 47-M DWT tanker saves, roughly, 50 per-
cent versus a new 16-M DAT T-2 type tanker (which is no longer economic to

build) on the Gulf-New York run; a 24-inch diameter line saves about
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60 percent versus a 10-inch line; = Jumbo 2Q,OOO-gallon tank car can save
25 percent on a 1,000-mile haul versus a 10,000-gallon car; and an 8,500-
gallon truck saves 15-30 perceﬁt on a 50-mile haul (100-mile round trip)
versus a 6,500-gallon size.

Economic assessment of utilizing large equipment necessarily takes
into account other factors than just the point tc point freight saved.
Specifically, the large-lot concept réquires large tankage and inventory at
delivering and receiving points. In the case of super tankers, it also
requires deep berths, heavy piers, and rapid loading end unloading facilities.
Terminal size and investment to service large marine'equipment versus small
are compared in an example in Table 6. This suégests that certain minimum
‘throughputs must be achieved for the freight saved by the "large-lot"

carrier to offset the extra cost of terminal facilities and inventory required

for the big ships.

While the economic incentives behind the large-lot concept are,
of course, age~old andvnot peculiar to oil, our industry is now able to
exploit to a high degree the economies of the large-lot concept because of
several developments: (1) sufficient underlying demands, (2) improvement

of rivers and harbors, (3) improved highway system.

1. Sufficient Underlying Demands

Use of pipeline aﬁd marine transportation obviously depends on
establishment of a minimum demand level, and for a minimum sized products
pipeline of some 6-inch diameter and 100 miles long, such demand is roughly
10,000 barrels per day versus trucking. For a barge terminal, it is about

1,000 barrels per day versus trucking. Growth in population has brought
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combined product demand levels ip more and more urban areas (and a 50-mile
surrounding area) not only to these minima but alsp to the minima required
‘to pay out pipelines versus marine transportation--where.the‘latter is
handicapped by a longer route or winter ice. Examples of the latter: West
Shore Pipe Line (Chicago to Green Bay), Wolverine Pipe Line (Chicago to lake
ports), Olympic Pipe Line (Puget Sound to Portland). Growth of demand for
single, hard-to-handle products such as propane has also reached the point
where volume makes pipeline transpoftation feasible. Texas Eastern, Mid-
America and Dixie Pipe Lines are examples of common carrier pipelines now
handiing propaﬁe. Similarly, IPG tankers and barges have become feasible

for coast-wise and inland waterway movement of bropane.

2. Improvements of Rive;s and Harbors
Extensive harbof improvements for the larger draft ocean tankers
_ére programmed per Table 7. Examples:
LARGEST TANKER
(M IMT) PROJECT )
NOW FUTURE COMPLETION DATE .
New York L7 85 1967
San Francisco 3B 8 1965°
Th?ough extensi&e work by the Federal vaernment during tﬁe 1930's,
many of the inland rivers were opened to reasonable (9-foot) draft barge
transportation, and, of course, barge terminals were established in coastal
harbors and waterways. Two current barge projects of significance are
(a) the lock enlargements on the Chio River to 1,200 feet each.(formerly
600 feet) to accommodate large tows, and (b) the John Day Dam on the Columbia,

which will eliminate the present 7-foot draff bottleneck. Table 8 lists the

current schedule of lock improvements on thethio.
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Total Federal appropriations for navigation improvements alone
(as distinguished from flood control and other purposes) were $225 million
in 1963, rising from a low of $25 million in 1954, per Table 9 attached.

3. Improved Highways

Improved highways have permitted exploitation of the large-lot
concept. Economics dictate that a $30,000 truck (some cost $50,000) spends
maximum percent of its time in transit and minimum at loading and unloading
point. The nation's super highways permit heavy loads, rapid transportation,
and more miles per driver shift. 15,000 miles of the Federal interstate
highways system were open to traffic in 1963. The over-all program totalling

41,000 miles is scheduled for completion by 1971.

Before passing on from this direct consideration of the large-lot

* concept, a realistic word concerning service requirements would be in order.

Petroleum is a universal fuel, particularly for motive power, and demand
levels in many sectorsvdictate less than jumbo size facilities. Consequently,
there is a substantial requirement for providing optimum'facilities, whether
they be pipeline, truck or marine. Likewise the customers' facilities and
policy toward inventory levels must be an important consideration in

determining transportation facilities.

B. TECHNOLOGICAL DEVELOPMENTS
The nature of today's transportation facilities dramatically

reflects technological advances in construction, maintenance, automation,

_operation, and auxiliary services. Exploitation of the large-lot delivery
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concept itself depends on such advances. Improvements range from better
materials and more efficient prime movers to corrosion control and autémated
‘equipment.

In pipelines, the technological developments are first, faster and
more economical pipe installation with such equipment as improved ditch
diggers, in-the-field coating machines, in-the-field pipe fabricators, auto-
matic welding, and X-ray inspection devices; second, higher tensile strength
steel which has permitted reductionlof pipe tonnage by 50 percent since 1948;
third, -improved product separation techniques through such devices as rubber
spheres and motbrized valves; fourth, improved metering of large capacities;
fifth, development of lease automatic custody transfer equipment;. sixth,
improved telemetry and so-called push-button controls, permitting operation
of entire pipelines from a central console;rseventh, corrosion control by
cathodic protection and improved coatings, both internal and external. Bésed
on Interstate Commerce.Commission statistics, reductions in pipeline personnel
from 1952 to 1962 amounted to 50 percent of station labor, 35 percent of
maintenance personnel, and 23 percént of gaugers.

| In marine equipment the technological development of suitable wharves,
hose handling rigs, and offshore moorings has been of ﬁerﬁaps greatér impor=
tance in exploiting the large-lot concept than the mere (butrnot to be
minimized) technology of building large, fast ships. Examples are the
elaborate wharves and hose handling gear at industry wharves in New York
Harbor, offshore mooring in 65 feet of water at Northville, Long Island, and
crude oil loading facilities in the Louisiana Delta region and under develop-

ment off the Louisiana shore in 75 feet of water. Improved centrifugal pumps,

—~1
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which also reduce cargo stripping time, have made significant reductions
in vessel operating expense in recent years. Improved integrated barge tow
configuration has significantly reduced drag and thus increased efficiency.
On the Mississippi and Ohio Rivers mid-stream fueling and victuwalling have
shortened in-port time, while radio and radar have speeded transit times.
Signifiéant automation developments in marine equipment are in engine room
controls and remote handliné of cargo. Manning scales on tankers are being
reduced on the order of five men; from a range of thirty-five to forty pre-
viously to thirty to thirty-five in the future. Such reductions, and those
which may be effected later through further mechanization or the transfer
to shore staff of present-day shipboard functioﬁs (maintenance, cargo

handling, etc.), will require the cooperation of the maritime unions. In

the case of licensed persomnel and watch standers, the approval of the U, S.

Coast Guard wili also be a requirement. Inland waterway operators have made
greater progress in these areas than tanker operators; a typical 8,000-ton
tow, for instance, with wheelhouse control of the engine room and in some
cases revised galley arrangements, has nine crew men vs. twelve crew men
ten years ago.

In tank cars the technological development of 20,000 and 30,000~
gallon capacities has been a major breakthrough realized just in the last ten
years. There is even a 50,000-gallon car which is utilized in restricted
service. In the largést cars the tank itself supports the lading between
the trucks; eliminating the center sill. This permits maximum utilization

of larger capacity cars while staying within AAR clearance and weight



“cars. (Cf. 1,000-mile example in Table 5.)

- the generally accepted standard of 73,280 pounds--equivalent to 8,200 gallons
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restrictions. In recoghition of reduced rail handling expense, the railroads

are able to reduce rates by 25 to 40O percent or more for shipments in these

In trucks the technology of large capacities has recently reached
an all-time high in large-lot deliveries: 16,500 gallons per truck in
Michigan. Such a truck has eleven axles. Size and weight are regulated by

state law. 1In 1963, the last state, Pennsylvania, raised its weight limit to

of gasoline. A 6,500-gallon size was considered "large" only ten years ago.

Storége, whether for seasonal accumulation or for working terminal
purposes, is a vital part of the transportation ﬁetwork. Technological devel- :
opments have now provided: (a) relatively cheap seasonal storage for the

volatile fuels and (b) much automation at working terminals. As to (a), '

~ordinary steel pfessure storage for butane and propane commonly costs $15 to

$25 per barrel, but the underground or refrigerated storage developed in
recent years costs only $1 to $8 per barrel in large sizes. A substantial
amount of the latter, located near the market, is an attractive alternative to
extra transportation capacity in the form of more tank cars, larger pipelines,
more ships, and so forth,-otherwise required to handle peak winter loads. As
to (b), at working terminals there has been extensive automation in tank farm
gauging devices, automatic custody transfer equipment, blending equipment,

and automatic truck loading equipment. This latter has been developed to the
point that the truck driver now handles all functions of product loading and
metering. Such facilities add $25/50,000 to terminal 'capital, but rapid

payouts are shown where volumes exceed 1,000 barrels per day.

5
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II. COSTS

The economic effect of the large-lot deliveries and technological
improvements noted in the preceding paragraphs is incorporated in the freight
costs applicable to today's typical (as distinguished from largest) equipment.
Considerably larger than twenty years ago, per Table 4, today's typical eéuip—
ment comprises 25 M DWT tankers, 20 M barrel barges (60 M barrel tows), 10,000
gallon cars, 8,500 gallon trucks, and a wide range of pipeline diameters.

Industry's use of this particular equipment results in freight costs,
including reasonable return on investment, which are tabulated according to
mileage in Table 10. The wide range in rail and truck rates (often common
carrier tariffs) is forced by the diverse competitive conditions which these

carriers meet. For a 500-mile haul, the estimated rates are:

AVERAGE
CENTS PER ¢/100 MILLS/
500 BBL. MILES BBL. MILE TON MILE
Pipeline 16-50 5.4 k.0
Tanker 12-15 2.7 2.0
Barge 14-18 3.3 2.5
Tank Car 85-180 27 20
Truck 160-1340 L6 ) 35

If each of the foregoing transportation facilities is used over =
distance for which it is reasonably well suited, the rates may be comp:re

as follows:
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AVERAGE
DISTANCE ¢ /100 MILLS/
MILES BBL. MILE TON MILE
Pipeline 1,000 3.7 2.8
Tanker 2,200 _ 1.6 1.2
Barge 500 3.3 2.5
Tank Car 1,000 23 18
Truck 50 L6 35

It is seen from the foregoing that the costs per mile for movement via
pipeline and water carriers aré normally’comparatively close. In practice,
the selection of the facilities used must consider, among others, factors
such as: the comparative length of the water and pipeline routes, the
availability of navigable water, terminalling costs,‘winter icing problens,
and opportunities- for intermediate deliveries. -

The percentage of coéts which vary directly with occupancy has a
profound effect on how equipment is utilized and how transportation systems
are expanded. In the case of common carrier facilities where the shipper
pays marine charter rates and common carrier tariffs, the direct costs
coincide generall& with the total costs. In the case of privately owned trans-
portation facilities, however, the direct»qosts are significantly lower, and
the cost differential between alternative modes of transportation is changed.

The proportion of fixed and direct costs among the transportation

types is about as follows:

N
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PERCENT
FIXED  DIRECT
Pipeline . 70-80 20-30
Tanker 20-40 60-80
Barge 30 70
Tank Car Not applicable because

shipper pays rail tarirf.

Private Truck 15-20 80-85

The higher the ratio of fixed to direct costs, the greater the
premium on maximum utilization. .Thus, tariffs in the case of common carrier
pipelines, or shipping territories in the case of privately owned pipelines,
are normally established so as to provide optimum utilization of the facility.

The effect of occupancy on transportation costs is recognized in

-the so-called "Dedicated Service" rates available from for-hire truckers. If,

for example, the trucker is assured 120 hours per week utilization of his
equipment, the reduction in rates may be 20 to 30 percent; 100 hours per week
utilization, the reduction could be 15 to 20 percent; 80 hours per week
utilization, the reduction may average 10 percent.

Large-lot delivery and technological improvements are also being
utilized to.lessen the effect of wage inflation on total transportétion expense.
The following tabulation shows the approximate percentage of wages in each
type of  transportation:

PERCENT OF TOTAL COST

WAGES
Pipeline 15
Tanker 30
Barge 35

Tank Car Not applicable because
shipper pays tariff.

Truck 50
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Given two types of carrier with roughly the same costs, the oilman
is likely to build or buy the one less susceptible to inflationary pressures.

‘This is an important factor in tﬁe popularity of pipelines.

IITI. RESEARCH OPPORTUNITIES

Research work .in o0il transportation may ﬁe classified as both
technological and logistical.

In the technological category, research in pipelines is pursuing
the following: mechanics of liquid and two-phase flow, corrosion control
including internal and externalvcéatings, additives to reducé friction,
increased strength of steel pipe, improved plastic pipe, improved welding
techniques, mobile pipe mills, underwaper pipeline construction, improved
communication systems for. automation, interface detector systems, mechanical
separation of products, improved meters, and computer controlled pipelinés.

In the marine field, research is dealing with simplification of
design, internal and external coatings for corrosion control, cathodic type
corrésion control, improved cargo handling (pumps, valves, gauging), improved
offshore moorings, cryogenic transportation, improved propulsion machinery,
improved navigation equipment, and automation, including centralized engine
roam controlg.

In tank cars and trucks, the research is in improved materials to
minimize weight and optimize strength within the limitations of railroad
clearance restrictions, weight limits, and highway regulations; safety
devices; faéter loading and unloading.

Technological research in terminals continues in the realm of

automating terminal controls, accounting and billing functions. In this

B NGO,
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y latter category, equipment is visualized which permits the central office
to control the release of products to specific accounts in predetermined
amounts, keep terminal inventories, and issue invoices automatically as
product is withdrawn.
\ ) Logistical research deals with means to optimize shipping terri-
tories cf supply origins through mathematical techniques. If a particular
E . refinery and its satellite terminals are short of supplies, it is usually
less expensive to supplement supplies by shipping into the deficient
territory according to certain patterns from refinery systems that have
BN sufficient supplies than to move product by pipeline or marine transportation
from one refinery to another. Then too, in a territory where over-all demand
just equals supply, but supply is divided in fixed amounts among a number of
origins, there is a particular pattern of shipment from origins to destinations
.which minimizes the total freight bill. This is the classic "transportation
- problem”. While certain companies had developed various technigues to solve
this problem "by hand"”, the method was generally laborious and time-consuming.
In the last few years, however, due to research, the solution has been pro-
grammed on some of the larger computers and such freight optimization is now
in use to a limited, but growing extent. Considerable emphasis now is placed
on methods to feed automatically to the computers the statistics comprising
account names, demands and freight rates. Logistical research is also pro-
gressing on methods to collect, summarize, and project supply and demand data

in order to program operation of transportation equipment most efficiently.
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Iv. FECONOMIC OBJECTIVES

The aims of the oil industry's transportation effort have beén
"and will remain primarily cost réduction, protection of product quality,
and improved customer services. From the individual company's viewpoint,
however, an even more basic aim has been economic survival. As profit
margins in the industry have shrunk through competitive forces, the
necessity to utilize advanced transportation facilities»and techniques
has increased. For example, Oklahoma refiners who originally shipped by
tank car and subsequently built the Great Lakes Pipe Line to move products
to more distant markets, have, in order to remain competitive, resorted to
a number of additional product pipelines: Cherokee, Omar, Kaneb, Continental.
As to trends, the ultimate in efficient energy (petroleum) trans-
portation would include a.products line to the customer's.oil tank or to the
service station. While the connection to the homeowner's heating oil tank’
‘is foreseeable only iﬁ densely populated housing developments, there is
likely to be pipeline delivery of oil to certain high-volume commercial and
industrial complexes using oil for all energy needs: heat, refrigeration,
electricity. Pipeline connections to service stations have not been installed
on any large.scale,. but such have proved possible at certain high-volume
stations which are located close to existing products lines or refineries.
The chief developmént which is being realized and will continue into the
future is the proliferation of products lines to serve truck-loading terminals
in more and more communities across the country. Direct pipeline connections
to industrial users and to airports ( commercial and military) will be a by-

product of this development.

-~
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No dramatic introduction of new type transportation is foreseen;
but the already noted pressures of competition and the advantages of large-
lot transportation and technological improvement are causing shifts
between types of carrier and are revising the physical nature of the

industry's transportation system.
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PERCENT PETROLEUM TN
TOTAT, U.S. ENERGY CONSUMPTION

PERCENT
Coal 22.2
0il V Ll 0%
Gas S 29.8
Water Power 3.8
Atomic Power 0.2
TOTAL 100.0

*Includes natural gas liquids.

SOURCE: U.S. Bureau of Mines:
1963 extrapolated to 1965 by
Shell 0il Company

Table 1

Page 1
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Table 2

PETROLEUM TRANSPORTATION FACILITIES

REPLACEMENT COST
VOLUMETRIC LESS DEPRECIATION
o CAPACITY TO DATE
FACILITY “# UNITS M DWT MM BBLS. MM $ {
- &
OCEAN TANKERS . :
American Flag . . Lhox 8,912 78.0 i
Foreign Flag 233 5,872 51.5
Supplying U. S. . . S 673 .1b4,784 129.5 1,800 g
INLAND AND COASTAL BARGES
Self-Propelled ' 181 . 1.7
Non Self-Propelled 2,494 27.:0 1
2,675 28.7 150
PIPELINES - MILES
Crude Trunk 70,000
Crude Gathering 78,000 ) :
Products 57,000 ‘
205,000 3,200 .
RAIL TANK CARS ' 131,622 29.5 350 ‘
TRUCKS
Transport 58,448 8.3
Local Delivery (Gasoline) 22,200 0.6
(Heating 0ils) 70,948 2.7 -
151,596 11.6 1,050
STORACE AND TERMINALS
Terminals and Depots 29,664 Los.2
LPG Refrig Storage 8 2.0
IPG Underground Storage 139 101.9
29,811 509.1 1,000
GRAND TOTAL 708 .4 7,550%%

*As of 11/1/6L, 95 ships were inactive, of which 70 were government-owned and
25 private.

*¥%Cf. $5 billion and $6 billion original gross investment as estimated respectively
in "Petroleum Transportation Handbook", Harold Sill Bell, Editor, McCraw Hill,
1963, and "The U.S. Petroleum Industry", Stanford Research Institute, 1964,

il % s o e o
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1961
1960
1959
1958
1955
1950
1945
1940
*U.5.
down

1962
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Table 3
MILLIONS SHORT TONS DELIVERED
TOTAL CRUDE AND PRODUCTS
PIPELINES WATER CARRIERS* TRUCKS RAIL TOTAL
MILLION % MTLLION %  MILLION % MILLION % MILLION
TONS TOTAL  TONS TOTAL TONS  TOTAL  TONS TOTAL ~ TONS
502 43.36%% 330 28.46 298 | 25.69 29 2.k9 1,159
L8k 43.60 323 29.06 o7k 2L .6k 30 2.70 1,111
L69 43.01 318 29.22 270 24.83 32 2.94% 1,089
N 43.22 310 é8,86 267 2h.82 33 3.10 1,07k
L33 42,57 298 29.36 252 24.78 3k 3.29 1,020
12 Lo.gh 284 29:.56 223 23.17 L2 4.33 961
284 38.82 253 3h.57 146 19.93 Lo 6.68 732
241 Lk 06 k2 26.08 96 17.60 67 12.26 A 546
154 39.79 1k9 38.78 22 5.67 61 15.76 386
Flag only. If foreign flag deliveries to U.S. ports were added the break-

would be as follows:

502

L4o.o07

L2k

33.84

298

23.78

29

2.31

1,253

¥¥The recently constructed 36-inch Colonial products pipeline from the Gulf Coast
to New York will increase pipeline and reduce water carrier deliveries by about

2 percent of total deliveries.

SOURCE:

The Association of 0Oil Pipe Lines
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Table L
SIZE OF PETROLEUM TRANSPORTATION FACILITIES
CAPACITY
CURRENT 1945

FACILITY NORMAL MAXIMUM  NORMAL  MAXIMUM
OCEAN TANKERS (IDWT) .
American Flag 4 25,000% 106,600 15,000 20,600
Foreign Flag Serving U.S. , 58,800%* 114,800 15,000 16,800
INLAND AND COASTAL BARGE TOWS (Bbls.)

Inland 60,000 186,000 35,000 60,000
Coastal 20,000 73,000 10,000 25,000
" PIPELINES (Diameter in Inches)

Crude Trunk : 10/26" 3L 8/10" 24" xwx
Crude Gathering L/10" 12" L/10" 12"
Products 8/20" 36" 8" 20" ¥¥*
RAIL TANK CARS (Gallons) 10,000 33,000 8,000 12,000
TRUCK-TRAILERS (Gallons) : 8,500 16,000 6,000 10,000
TANK TRUCKS (Callons) ‘

Gasoline and Heating Oils 2,000 L koo 1,500 3,000
#*5 ships totaling 189,000 DWT's were under contruction at end 1963. Only 57

ships of U.S. fleet of LLO ships exceed 30,000 DWT and 14Lk vessels are greater
than 20,000 WT's. Only 6 ships exceed 50,000 DMT and largest is 106,600 DWT.

*%326 ships totaling 18,023,000 DWT's were under construction in Europe plus
Japanese yards at end of 1963. Of world fleet of 3,279 ships, 1,365 exceed

20,000 DWT's and 853 exceed 30,000 DWT's. Largest ship (Japanese) is 130,200

DWT and the next two (Liberian)are 114,800 DWT's each.

***¥Trend toward large diameter pipelines began in 1942 with the War Emergency Big
Inch (24") crude and Little Inch (20") products pipelines from the Gulf Coast
to the East Coast. Prior to that date the largest oil lines were 12" diameter.

#At least one 50,000 gallon car in restricted service.

SOURCES:
Shell 0Oil Company, Transportation and Supplies

Sun 0il Company, Economics Department, Analysis of World Tank Ship Fleet,

December 31, 1963.

National Petroleum Council, O0il and Gas Transportation Facilities, 1962.

Corps of Engineers - U.S. Army, Transportation Lines on the Great Lakes System,

1964, Transportation Series 3, U. S. Goverrment Printing Office, 196L.

Corps of Engineers - U.S. Army, Transportation Lines on the Mississippi River

System, Transportation Seriesgh, U. 5. Government Printing Office, 1963.

American Petroleum Institute, Petroleum Facts and Figures, 1963 Edition, p. 92

(using Interstate Commerce Commission and Bureau of Mines as sources).

0il and Gas Journal, various issues and articles.
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TREIGHT SAVED BY LARGE-LOT CONCEPT

COST AS
LINE DIAMETER ¢/BBL. FOR . PERCENT OF
PIPELINE INCHES 1,000 MILES SMALLEST UNIT
10 .51 100
14 36 71
18 27 53
2L 21 41
ESTIMATED
$/LONG TON
TANKER SIZE SHIP-DWT GULF-NEW YORK
16,000 T-2 (a) 4,20 100
25,000 (b) 3.02 72
47,000 1.97 L7
67,000 1.81 43
¢/BBL. FOR
BARCE . SIZE TOW-BBLS. 500 MILES
40,000 17.6 100
60,000 15.7 89
90,000 141 80
¢/GAL. FOR
TANK CAR SIZE CAR-CALS. 1,000 MILES
10,000 5.5 100
20,000 L3 75
¢/GAL. FOR
SIZE TRUCK 50 MILES
TRUCK GALLONS PRIVATE FOR HIRE(c)
6,500 0.7 0.7 100 100
8,500 0.5 0.6 71 86

Table 5

PERCENT SAVED
VS. SMALLEST UNIT

29
47
59

28
53
57

11
20

25

29 1k

(a) Ships of this size are no longer constructed for this service and are used for

comparative purposes only.
typical operating costs are closer to $3.20/long ton.

There are, however, many still in operation on which

(b) Although $3.02 represents new construction, there are a great number of
jumboized T-2's of this capacity which freight for closer to $2.50/1long ton.

(c) Based on "Dadicated Service" common carrier.

SOURCE: Shell 0il Company

Transportation and Supplies
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Table 6

EXAMPLE OF
EXTRA TERMINAL CAPITAL REQUIRED
TO SERVICE LARGE TANKERS VS. ORDINARY T-2'S;
ALS0 MINIMUM THROUGHPUT NECESSARY
TO WARRANT TARGER TERMINAL

TYPICAL PRODUCTS TERMINAL HANDLING L M-B/D 4
EXTRA COST A
SIZED TO SIZED TO OF 37 M DWT ’
HANDLE 16 M HANDLE 37 M TANKER .
DIT T-2 TANKER DWT TANKER TERMINAL 1
SIZE M-$ SIZE - M-$ M-$ 1
Land and Site Preparation 15 Ac. 165 20 Ac. 220 55
Tankage 260, MB 460 460 MB 805 345 !
Loading Rack, Office, Misc. - 250 - 250 -
Dock 525" 1,000  650° 1,500 500
TOTAL 1,875 s 2,775 900
Inventory @ $3.50/Bbl. 910 1,610 700 i
GRAND TOTAL 2,785 L 385 1,600 {
’1
Assume 37 M DWT ship saves lO¢/bbl. vs. older T-2:
1
Annusl cost of 10% representing interest and amortization $90 M/Y C
on $900 M extra cost of terminal !
Interest alone at 5% on $700 M extra inventory $35 M/Y
Total extra annual terminal cost $125 M/Y

Throughput necessary for 15¢/bbl. sgving of 37 M DWT Tanker vs. T-2 to
offset extra annual cost of larger terminal = $125,000 = 1,250 M-B’/Y =

$0.10

3,400 Bbls./Day

SOURCE: Shell 0il Company
Transportation and Supplies

— a2
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-PORT

Portland, Me.
Boston, Mass.
New York, N. Y.
Philadelphia, Pa.
Baltimore, Md.
Norfolk, Va.
Mobile, Ala.
Houston, Tex.

Los Angeles, Cal.
(Incl. Long Beach)

San Francisco, Cal.

Portland, Ore.
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Table 7
U. S. PORTS
DRAFT AND SIZE (DWT) OF TANKERS HANDLED
PRESENT AND PROPOSED
PRESENT PROPOSED
TARGEST TANKER
MAXIMUM DRAFT TLARGEST MAXIMUM DRAFT (DWT) AFTER
TO AT LEAST  TANKER AFTER EXISTING EXISTING PROJECT
ONE BERTH (DWT)  PROJECT COMPLETED COMPLETED

39! 50,000 45 - 1968 85,000

35° 36,000 38" - 1968 47,000

38! 47,000 51 - 1967 85,000

39! 50,000 - -

37! 42,000 Lo - 1969 53,000

37! 42,000 - -

36! 38,000 38t - 1965 47,000
346" 34,000 38t - 1968 47,000

Le! 100,000 - -

36! 38,000 451 - 1965 85,000

33" 26,000 38" - 1970 47,000

SOURCES: Annual Report Chief of Engineers
U.S. Seaports - Port Series, Corps of Engineers, 1963
American Merchant Marine Institute
Asiatic Petroleum Corporation
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Table

FEDERAL APPROPRIATIONS FOR NAVIGATION IMPROVEMENTS

TOTAL U. S.
$ (MILLIONS)

1963 22k
1962 20k
1961 . 211 -
1960 - 209
1959 190 )
1958 141
1957 135 -
1956 ’ 88
1955 ho
1954 25
1953 31
1952 | L7 .
1951 ' 48 i
1950 60

1,655

1963 Annual Report - Chief of
Engineers, U. S. Army - Civil
Works Activities - Vol. I )

™
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Table 10
TODAY'S FREIGHT COSTS
USING TYPICAL EQUIPMENT
{¢/3BL.)
BARGE FOR-HIRE
TANKER 60,000 BBL. TANK CAR TRUCK
STATUTE 25,000 DWT* TOW* PIPELINES 10,000 GAL. 8,500 GAL.

MILES IL04 HIGH ~LO4 HIGH LOW HICH 1LOW HICH LOW  HICH
100 7.0 © 9.0 6.0 7.5 5.0 15.0 35.0 58.0 Ll1.5 66.5
500 11.5 14,5 14,0 17.5 16.0 50.0 82.5 178.5 158.0 3u2.5

1,000 16.0 19.5 24L.0 29.5 25.0 70.0 112.5 353.0 219.0 688.0

2,000 28.5 35.0 u7.5 58.0 214.0 673.0

Equivalent average mills per ton mile for 500 nile stage:

500 2.0 2.5 4.0 20.0 35.0

*Gasoline basis; includes reasonable return on investment.

SOURCE: Shell 0Oil Company, Transportation and Supplies, supplemented by
other data from ship owners; published tariffs of selected major
crude and products pipelines; representative for-hire truck and
tank car rates.
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. THE ECONOMICS OF NATURAL GAS PRODUCTION,
TRANSPORTATION, STORAGE, AND DISTRIBUTION

A. R. Khan and P. S. Panos

Institute of Gas Technology
Chicago, Illinois

INTRODUCTION

The economics of the natural gas industry are largely influ-
enced by the demands of a highly seasonal market. -In meeting the
demands of this market, the industry must operate within the confines
of goverrmental regulatory bodies.

The increasing importance of natural gas in the overall energy
picture of the United States is depicted in Fig. 1. Gas has In-
creased its share of the total energy market from 18.0 percent in
1950 to 29.7 percent in 1963.% At the present rate of growth, the
projected market for natural gas will be 17,880 trillion B.t.u. in
1975.1 The large-scale movement of natural gas from established sup-
ply sources to existing and developing consumer markets entails a
varlety of operations: the production, purification, transportation,
storage, and distribution of natural gas. The economics of the in-
dustry are characterized by the major differences in the costs of
"production and utillzation. These differences are not due solely to
the operations cited above but also to other factors such as
varying rate structures and field contracts.

GAS PRODUCTION

In consideration of the risks involved, the exploration, de-
velopment, and production of a natural gas field requires a tremen-
dous investment. The major costs in production are the land, the
rights, and the drilling of a potential field. Although no fixed
values can be set on the first two items because they vary, well
drilling costs are tabulated and are well known. Unfortunately,
everi well drilled is not productive. Thus in 19@2, of a total of
43,944 o011 and gas wells drilled in the U.S., 16,684 or 38 percent
were dry holes (Table 1). These statistics include development wells.
The success of wildcat wells is much lower.

Average well depths are increasing and, consequently, the cost
" per foot drilled. The sixth (1962) joint survey of the cost of
drilling end equipping wells in the United States undertaken by the
-Americen Petroleum Institute, the Independent Assoclation of America,
and the Mid-Continent Oil and Gas Association reveals the following:*®
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Table 1.-SUMMARY OF 1962 DRILLING

0il Gas Dry Total
Wells drilled 21,402 5,858 16,684 43,94y
Footage drilled
{thousands) 86,494 31,432 75,631 193,557
Expenditures ($ million) 1,161 569 847 2,576
Avg. depth per well, ft. 4,047 5,366 4,533 4,405
Avg. cost per well, $ 54,223 97,093 50,793 58,635
Avg. cost per ft., $ 13,41 18.10 11.20 13.31

Thus we see that by virtue of being 30 percent deeper, the cost of
gas wells is almost 80 percent higher than oil wells, since costs
increase very steeply with increased depth. Gas well costs per foot
drilled increased from $17.65 in 1961 to $18.10 in 1962.

The most commonly accepted indicator of field gas prices is
the average wellhead price compiled yearly by the U.3. Bureau of
Mines.'® The average wellhead price of natural gas has increased
significantly over the past decade to 15.5¢/MCF in 1962 (Fig. 2).
However, it should be cautioned that while this tabulation is useful
in indicating trends i1t should not be construed as a measure of fleld
prices. The U.S. Bureau of Mines data do not take into account the
time delay in long-term supply contracts nor do they differentiate
between low-value markets ?such as carbon black manufacture) and high-
value markets {such as Interstate transportation).® A truer barom~
eter of current wellhead prices are specific gas purchase contracts.

Gas Purification

Gas from the wellhead contains impurities that may be detri-
mental to the transmission pipeline. In order to reduce corrosion

" problems and improve gas qguality, the gas has to be purified. Some

wellhead gases also contain valuable heavy hydrocarbons which are re-
moved and sold for greater value than fuel oil or gas.

The purification of natural gas varies with the type of gas
produced. It may involve the removal of objectionable compounds such
as carbon dioxide, sulfur compounds, and water. Some gases have to
be scrubbed for light-hydrocarbon removal. The costs of such purifi-
cation operations vary with the type of natural gas and the operations
performed. To meet pipeline specifications natural gas is dried pri-
marily by chemical means, wherein a desiccant or a hygroscopic liquid
is used to absorb the water. Sulfur compounds are removed by standard
techniques such as those using monoethanolamine and diethylene glycol
solutions, and activated carbon boxes.

The recovery of liquid products (gasoline and light ends)
from natural gas usually resulis in a credit to the purification
operation. However, it may be uneconomical to remove the condens-
ables, in certaln cases, because their relative value 1s greater than
the cost of their removal. The costs associated with purificatlon
are a negligible part of the overall gas costs. Reported purifica- .
tion costs at 15 major compenies range from $0.000248 to $0.0173/MCF.2
Average purification costs for major pipeline transmission costs run
from %O.ooz to $0.003/MCF treated.




180

TRANSPORTATION

The importance of natural gas plpelines is exemplified by the
fact that as of 1963 about 200,000 miles of pipelines, not including
field gathering and distribution lines, were in use to meet the de-
mand for natural gas. The growth of the industry can be seen by the
twofold increase in pipeline mileage (Fig. 3) over the past 15 years.
In 1964 it 'was estimated that over 11 trillion cu.ft.of gas would be
transported and sold by natural gas pipelines, representing a move-
ment of about 232 million tons of gas.?®

Natural gas pipelines, because of their classification as
public utilities engaged in the interstate transportation of natural
gas, have been under federal regulation for many years. The Natural
Gas Act of 1938 and its subsequent amendments places responsibility
for this regulation with the Federal Power Commission (FPC). There-
fore, prior to the construction of a new pipeline or the expansion or
extension of present facilities, a certificate of public convenience
and necessity must be obtained from the FPC. These certificates are
usually granted only after extensive hearings and investigation on
the adequacy of gas reserves dedicated to the project, -competency of
design, availability of market, and financing ability.

As compared to oil or product pipelines which act as inter-
state carriers, natural gas pipelines generally are not classified as
common carriers; they own and sell most of the gas which flows through
their lines. The growing market for which service 1s to be provided
requires that the designer allow for increased future demands. He may
do this by a number of means, e.g., the use of a lower line pressure
during the early years of the project, provision for added compression
capacity, and the installation of larger than necessary pipe. Assum-
ing that the market and sufficient reserves exist, the utility must

~design and estimate the cost of the new facilities prior to obtaining
FPC certification. :

Pipe Costs

Many factors must be considered in evaluating the design para-
meters for any given pipeline project. The basic goal of any evalua-
tion must be to optimize the design with respect to cost and capacity.
The most influential factor in the design and cost of a pipeline for
any given capacity is the pipe. Estimates for complete pipeline proj-
ects indicate that the cost of the pipe, including installation, 1is
usually between 70 and 90 percent of the overall project cost. The
basic factor in determining the cost of a pipeline is the type of pipe
used. The designer’'s aim is to use the least amount of steel for a
maximum delivery capacity, with the highest possible pressure and low-
est possible installation costs.

Current F.0.B. mill prices for pipe (early 1964) range from
about il?S/ton for Grade B pipe (35,000 p.s.i. yield strength) to
about $200/ton for X-60 pipe %60,000 p.s.1. yield strength). The bal-
ance of the installed cost of the pipe is for the coating and wrapping
of the pipe and the actual installation charges. A summary of the
%hree cost factors mentioned for varlous size pipe 1s presented in

able 2.

A

Lo .
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Table 2.-PIPELINE CAPITAL COST ESTIMATES®

Pipe Wall Yield Pipe Coating .
3ize, Thickness, Stress, Cost, Ton/ Materisls, Installation,
in. in. p.s.i. $/ton mile $/mile $/Tt.
ho1/2 0.188 35,000 208 22.6 310 2.40
8-5/8 0.219 35,000 179 51.8 585 2.95
12-3/4 0.250 46,000 190 88.2 863 3.50
16 0.250 52,000 210 110.9 1086 4,00
20 0.250 52,000 208  136.9 1340 4,60
26 0.312 52,000 200 208.6 1747 5.40
20 0.375 52,000 188  31h4.2 2007 5.90
36 0.438 52,000 193  438.2 o43h 6.70
y2 0.500 52,000 202 586.1 2840 7.50

The cost for various size transmission line projects reported
to the FPC in fiscal 1964° are summarized in Fig. 4. The costs pre-
sented include the right-of-way, materials (pipe, coatings, etc.?,
labor, and miscellaneous charges. The high and low costs are also
shown. Local conditions can cause as much as a threefold variation
in the cost.

Compressor Stations

After the pipe and its associated costs, the expenditure due
to compression of the gas i1s the second major component of transmis-
sion investment. The number of compressor stations that should be
utilized on a pipeline are a function of the distance, pipeline opera-
ting pressure, and delivery reqguired, as well as the economic re-
straints such as operating costs (fuel, labor, maintenance, and mate-

~rials), and fixed or owning costs normally encountered {insurance,

taxes,and return on investment). It may be advantageous to allow a
large pressure-drop between stations, which will increase compression
costs at each station but will reduce the number of stations.

The basic investment cost factors in the installation of a
compressor station are the compressor, prime mover, land and improve-
ments, the structures, and the miscellaneous equipment. The average
cost per horsepower for nine new mainline compressor stations reported
to the FPC in 1964 was $380.° The total installed capacity was 60,000
h.p. The cost varied from $169/h.p. for 10,500 h.p. in Louisiana to
$518/h.p. for 6000 h.p. in New Jersey. Table 3 lists the average
cost/h.p. reported from 1959 through 1964 for new mainline stations
and additions. Compressor stations vary somewhat with line size;
Table 4 shows the estimated cost for compressor stations as a func-
tion of nominal pipe size. These costs include land, engineering,
equipment, purchasing, and inspectilon.

Procurement of right-of-way is often a major problem and can
considerably increase the cost of a pipeline project. The type of
land, the population density in the area, and the number of road,
water, and rail crossings affect the economic decisions of alternate
routes. Right-of-way costs range from $2000 to $4000 per mile. 1In
actual experience as reported to the FPC for 30- and 36-in. pipelines °
the cost/mile averaged $3650. These costs reflect construction in
both mountainous and relatively flat terrain.
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Table 3.-COMPRESSOR STATION COSTS®

New Mainline

New Additions —————

Fiscal Total Capacity, Cost, Total Capacity, Cost,
Year h.p. $/h.p. h.p. $/h.p.
1959 123,980 325 79,770 271
1960 242,850 208 396,115 233
1961 36,750 326 85,560 266
1962 109,080 340. 101,840 251
1963 45,000 338 90,800 222
1964 60,000 380 100,200 233

Table 4.-COMPRESSOR STATION COSTS®

Nominal Pipe

Pixed Station

Varliable Station Cost,

Size, in. Cost, $/installed h.p.
T 12 250,000 . 250

16 -250,000 250

20 300,000 250

26 500,000 225

30 500,000 225

36 650,000 225

4o 650,000 225

A pipeline must also have communications facilities, mainten-

ance facilities, meter stations, and sales and regulator facilities

at delivery points.

Pipeline Construction and Transmission Costs

A large new pipeline proposal presented to the FPC in 1963 wés

the 1545-mile Gulf-Pacific Pipeline Company system designed to trans-
port gas from south of Houston, Texas to the Los Angeles area. Th
application and the figures supporting it effectively summarize pi
line construction costs. The estimated cost of the project is $31
million or about $203,200/mile.'® The line would require 15 compres-

sor stations costing approximately $51 million or sbout $273/h.p.

The mainline system would use 36-in. X-60 pipe for the major portion
and would cost over $209 million or an average of glmost %

150,000/

mile. . The project investment costs are summarized in Table 5.

Table 5.-GULF-PACIFIC PIPELINE CO. COST ESTIMATE!?

Unit Cost, $

Total Cost, $

-

Mainline (1397.8 miles) 149,849/mile
Gathering line (45.0 miles) 72,162/mile
California Laterals (102.% miles) 108,476/mile

Sales Regulator Facilities
Compressor Stations, (15,000-188,000 h.p.) 273/h.p.
Miscellaneous .

Total Direct Cost

Overhead, 3.86%
Interest During Construction, 3%
Contingencies, 5%

Total Project Cost 203,200/mile

209, 458,900
3,247,300
11,108,000
1,550,000
51,381,500
2,733,300
279,479,000
10,787,000
8,708,000
14,949,000

313,923,000

P!

e
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The total operating cost of a pipeline is composed of the actual
cost of operations, maintenance, general services, and fixed charges.
The greatest contributor,. excluding gas purchase cost, to the total
cost is the fixed cost (Table 6).

Table 6.-AVERAGE 1962 U.3. GAS TRANSMISSION COST*®

(Including Return)
Cost, ¢/MCF

Purchase and Production 20.6
Operating Maintenance 2.7
General Services 1.4
Fixed Costs 11.5

Average Delivered Cost 36.2

The overall cost of transmission generally averages about 1.5¢/MCF
for each 100 miles. The average operating costs, as reported to the
FPC,12® for the transmission facilities of 15 pipeline compeanies is
10.1¢/MCF of gas delivered.*®

Since transportation is a major component of the cost of gas,
the industry has directed continuing efforts in the area of transmis~
sion and pipeline research with a view to improved and more economical
techniques. FExamples of this are the development of high-strength
steel and the entry of gas turbines as prime movers. In addition, the
A.G.A. has sponsored research on line pipe properties, multiphase flow
mechanics and transient flow systems which will permit the design of
optimized and economical transmission systems.

STORAGE

) Distributing companies faced with seasonal variations in daily
sendout normally control the average cost of purchased gas by peak-
shaving and the sales of interruptible gas. Interruptible gas is that
which is sold with the understanding that in times of excessive demand
it will be delivered to other customers. However, when a distributing
company 1is unable to sell interruptible gas at satisfactory rates, it
will store summer gas to meet future winter firm gas sales. Therefore,
one of the important components that influence the final delivered gas
cost is storage. These large volumes of gas can be most economically
stored underground in depleted oil or gas reservoirs and in porous
water-bearing formations, or aguifers. Any storage system must be
close to the point of use but, unfortunately, underground geological
formations suitable for this type of storage are not available in all
parts of the United States. Depleted oil or gas reservoirs are con-
fined to areas where favoresble conditions for the formation of oil and
gas deposits once existed — areas that can be developed with much less
expense and effort than would be required for aquifers. Because of the
high developmerntal costs, aguifer storage costs more than storage in
depleted oil or gas flelds.

Economics

Before an economic evaluation can be made of a potential under-
ground storage, certain engineering considerations have to be met.
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Most important of thsse are:

1. Site location relative to transmission lines and market
2. Reservoir size in relation to gas turnover

3. Structural integrity, porosity, and permeability

L, Rate of deliversbility.

These considerations also have an economic significance on the
cost of storage. Obviously, the location of a prospective underground
storage site as near to transmission lines and markets as possible is
vital for decreased expenditures. The size of the reservoir 1s dic-
tated by the maximum seasonal demand which has to be met and also in-
creased demand in the future. High porosity is conducive to storage
of a larger volume of gas for a given structure. Good permeablility is
desirable since it permits the storage structure to receive gas read-
11y on injection and deliver it at high withdrawal rates when needed.
In addition, the legal and economic problems of site, cost of the land,
and the cost of development and operation of the storage field are
decisive factors. The volume of cushion gas which will remain in the
reservoir for the life of the project and provide the pressure for the
working gas withdrawal rates should not be excessive since this will
represent a major investment. Normally, the working inventory averages
50 percent of total inventory. Fig. 5 shows the growth of underground ;
storage pools and the ultimate reservoir capacity since 1950.% Al- {
though total reservoir capacity has increased an average of 10 percent '
over the past 8 years, the rate of growth has slowed to an increase of .
only 2.8 percent in the past year. '

In Fig. 5 we see that by the end of 1963, 278 underground pools .
were being used by 72 companies in 23 states with an estimated ulti- !
mate storage capacity of 3.7 trillion cu.ft. In 1963, $106 million
were spent in new facilities; an estimated $1%0 million was spent on
new facilities in 1964%.

Cost - N

Individual components of the storage cost vary with company and
location. Thus, although storage plant fixed investment, including
cushion gas, may average $0.98/MCF of working storage capaclty, the
actual reported costs vary from $0.34 to $2.05/MCF. An idea of the
relative contributory factors can be obtained from Table 7.

Table 7.-VARIATION OF UNDERGROUND STORAGE COSTS
Average, $/MCF  Range, $/MCF

Storage Plant Investment 0.98 0.34 - 2.05
Cost of Storage Gas
Fixed Charges, 156 - 0.15 0.051 - 0.308
Operating and Maintenance Expense 0.031 0.016 - 0.115
Inventory Value of Gas Withdrawn 0.279 0.097 - 0.433
Total Gas Cost/MCF 0.460

Although the estimated ultimate capacity of underground storage
has increased, the increasing gas demand and lack of suitable under-
ground storage locations have spurred the industry into investigating
alternate means of storage for peakshaving.
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One of the newly developed methods is the storage of gas as a
liquid. Liquid natural gas can be stored at atmospheric pressure and
—259°F., where it has the advantage of containing 630 volumes of gas
as 1 volume of liquid. At present, three methods of ING storage are
available to the gas industry:

1. Aboveground metal tanks
2. Cryogenic inground storage
3. Belowground prestressed-concrete tanks.

The storage of ING at cryogenic temperatures involves speclal problems
and materials; techniques have been developed which permit the storage
container to withstand the extremely low temperatures. The costs of
ING storage vary with capacity as shown in Fig. 6 for sboveground metal
tanks ($1.80/MCF for 1 million MCF) and in Fig. 7 for belowground pre-
stressed-concrete containers ($1.50/MCF for 1 million MCF). The
prestressed-concrete tank storage technique was successfully demon-
strated at IGT under sponsorship of the American Gas Association.
Present efforts.at IGT are directed towards the storage of large vol-
umes of ING in underground caverns. The acceptance of the ING storage
technique has resulted in construction of three major 1installations in
recent months. Double-walled metal ILNG storage tanks are being in-
stalled at Birmingham, Alabama and San Diego, California, and a cryo-
genic inground storage pit 1s being constructed at Hackensack, New
Jersey. Once the gas has been delivered to the city gate, perhaps hav-
ing been stored at some intermediate point, it must still be distributed
to the individual customers.

DISTRIBUTION

In 1963, 434,000 miles of distribution piping was used to sup-

 p1y 35,5 million customers. The dominant economic factor in gas dis-

tribution is the character of the demand which varies with each of the
four types of customer application:

1. Residential and small commercial — non-spaceheating
2. Residential — spaceheating

3. Small-volume commercial and industrial — spaceheating
4, Large-volume commercial and industrial

In addition to these classifications a distribution company may also
sell gas to the interruptible customers. As public utilities gas dis-
tribution companies have an implicit contract with their firm customers
to satisfy their demands at all times. Since a high percentage of firm
customers use gas for spaceheating, such demand 1s very responsive to
weather conditions.

This widely fluctuating demand precipitates a problem of supply
that is felt all the way back to the producer. However, we will con-
fine ourselves to its effects on the distribution company, felt most
keenly by the northern utilities who experience the widest temperature
variations. The southern gas companies have the same problem, but to
a lesser extent. The structure of gas rates stresses the necessity to
maintalin high load factors. The cost of gas to most companies is com-
puted from a two-part rate. The first part, the demand charge, or
fixed cost, is payable monthly and is based on the maximum, daily con-
tracted (with the pipeline) quantity; the second part, the commodity
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cost or variable cost, is the direct cost for each 1000 cu. ft.of gas
purchased. Table 8 typifies the problem faced by some distribution
companies in the Northeast. In this instance, the demand charge is
$65/MCF of daily capacity contracted and the commodity cost is $0.31/
MCF of gas actually delivered.

Table 8.-PIPELINE GAS COST

Usage, days Cost, $/MCF
1 : 65.31
5 13.34
10 6.81
50 1.61
100 0.96
200 0.64
300 0.53
365 0.4g

It is readily apparent that management will attempt to opti-
mize the purchase pattern of gas. Many methods are used to obtain
a higher load factor than would be obtained through exclusive pipe-
line purchase. Fig. 8 shows a hypothetical sendout curve for a north-
ern utility. It can be seen that a large "valley" exists during the
summer months. Many gas companiles attempt to fill this valley by sell-
ing interruptible gas to industrial and/or commercial customers, or
through the use of storage systems which was discussed previously.
Among the other techniques for peakshaving are the use of propane-air
mixtures, manufactured gases, and speclal purchases of peakload pipe-~
line gas.

Design

. The distribution system must be designed to meet instantaneous
peaks, as well as daily and seasonal demands. Distribution systems are
generally designed to be able to serve the maximum rate of gas demanded
over a 15-30 minute period.

Distribution system pressure is the first design parameter that
must be defined after the load is known. The system pressure directly
influences the cost of a system because the major investment (80 per-
cent)® of a gas distribution company is in its mains and services.
{Services are the pipes from the street mains to the customer's meter.)
Pipe costs are directly related to volume of gas delivered and oper-
ating pressure. Maximum design pressure for distribution systems rare-
ly exceeds 60 p.s.i.g.;many companies operate their systems below 25
p.s.i.g.

Because of the high proportion of investment in mains and ser-
vices and their direct effect on the distribution cost, it is impera-
tive that new distribution system investments be optimized. Future
loads for expanding communities must be accurately estimated to opti-
mize costs. The cost of mains varies conslderably across vearious sec-
tions of the country because of the great varlability of labor costs
and its large effect on installed main costs. Generally, the only pre-
dictable costs are those of the pipe itself. However, some general
estimates have been made. For example, the cost of installing 1000 ft.
of a 6-in. steel main in a suburban area was estimated as $5150; the
cost of installing a 50 ft., 1-in. service would be $175.2

1
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The cost of new distribution facilities also includes the cost
of meters and pressure regulators, which account for about 1% percent
of total distribution system investment. The cost varies from about
$45-$50 for residential meters to almost $5000 for the large-volume

meters. The average investment for distribution facilities is about
$325/customer. ¢

The total costs for gas distribution include fixed charges on
the distribution system investment, and the operating, maintenance,
and customer accounts expenses.. The fixed charges, averaging about
$42.60/yr. per customer exceed all other costs comblned, which have an
average total of about $l9/yr. per customer.® The implication of these
costs is that the design and operation of mains and services is of
paramount importance and must not be left to chance. The distribution
expenses contribute 9.3 percent of the total operating costs In a dis-
tribution company. Table 9 details the other items of expense. Note
that purchase and production of gas are by far the largest contributor,
77 percent, to the total operating expenses.

’

Table 9.-TOTAL DISTRIBUTION COMPANY OPERATING COSTS3 IN 1962+

Cost Distribution, %

Purchase and Production 77.0
Transmission and Storage 5.5
Distribution and Customer Accounts . 9.3
Sales, Administration, and General 8.2

100.0

While the cost of gas purchases offer the largest target for

- cost reduction through improved storage and transportation methods,
the other costs offer many opportunities through advances in technology

and improved methods. Such efforts are being extended by the industry
through industrywide research by the A.G.A. and through individual com-
pany efforts. Activities include development of new methods of leak
detection and studies of nonwelding techniques of jolning pipe at IGT,
and studies in the use of plastic plpe at Battelle Memorial Institute.
A number of projects are also being conducted at the A.G.A. labora-
tories in areas associated with domestic gas usage.

CONCLUSION

We have traced the route of our supply of gas from the wellhead
to the consumer and discussed the problems and role that each step
plays in the overall economics. Although consumer gas prices vary, an
average for all classes of service showing the contribution of each
step can be calculated:

Table 10.-AVERAGE GAS PRICEs:3
Price Factor, ¢/MCF  Contribution, %

Production 20.4 32,4
Purification ' 0.2 0.3
Transmission 15.6 24.8
Storage 0.7 1.1
Distribution 26.0 41,4

62.9 -100.0
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Storage and distribution account for 42.5 percent of the average
consumer price for 1 MMBtu (1 MCF) of energy. Following is the average
price pald in 1963 for 1 MCF of gas in each of the three major classes
of service:

Table 11.-AVERAGE PRICE PAID FOR GAS IN 19632

$/MCF

Residential 0.99
Commercial 0.77
Industrial 0.34

The large price variation among the different types of service
is due primarily to the volume purchased and the allocation of the en-
tire system's fixed charges on investment. The residential, most com-
mercial, and a few industrial consumers, pay for and recelve a guaran-
tee of continuous service. Payment for this guarantee comprises a
major portion of the fixed investment. Despite rising prices at the
wellhead and in the nation's overall economy, the continuing advances
in research and development in the gas industry have provided the con-
sumer with relatively stable gas prices and have greatly increased the
market demand for gas.
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Economics of Electric Energy Delivery
C. ¥. Hochgesang

Bechtel Corporation, San Francisco
California

Gentlemen, it's a distinct pleasure to be asked to talk to you today on the trans-
port and storage of electric energy. Welve taken the liberty of calling our discus-
sion the "Economics of Electric Energy Delivery, ' and you'll note soon that one of
the hallmarks of this talk is its inability to stick to the subject.

It is plain from the program that the role of our paper is to take over the dis-
cussion of energy from the point where this energy has been converted to electricity,
and to see it delivered onto the premises of the ultimate consumer. TIf, on the way,
this energy can be stored for a few hours, we're supposed to discuss that too.

In its simplest form, then, the discussion would concentrate on what the elec-
tric utility engineer calls the "T and D" system -~ meaning, of course, the trans-
mission and distribution system, And since the popularity of pumped storage, at
least in the U.S., has recently zoomed upward, we could then discuss pumped
storage as the ultimate in techniques for ''storing electric energy" enroute from
the conventional generating station to the customer,

Unfortunately for simplicity, but fortunately for power system planners who
make a living because the subject is not simple, it is extremely difficult to divorce
the subject of the transmission and distribution of electric energy from the subject
of its generation, The economics of all three are indelibly and irrevocably inter-
twined, although, surprisingly, the subject of distribution can stand on its own feet
without the other two much easier than can generation or transmission,

Before we get confused prematurely, let!s start by defining a few terms in the
jargon, and from the viewpoint of the electric power system operator. Let?s pick
out just five: generation, transmission, distribution, storage and interconnection,

The term ''generation' is probably self explanatory, It means the facilities
to convert energy from stored or flowing water, or from fossil fuels, or from the
atom, to electricity, Generally, generation is accomplished, for economic and
technical reasons, at voltages of about ten to twenty-five kilovolts, We'll later
see that this voltage range is about identical to the range of primary voltages in the
distribution system, so that in some cases it is possible to feed power at generated
voltages directly into the primary mains for distribution. In fact, in the early
power systems, this was the general rule. But economics and the geographical
separation between the typical power plant location and that of the load center now
decree otherwise in the usual case, So we come to our next definition.

The term "transmission" conventionally means the facilities to move the elec-
tric energy from the generating plants to bulk receiving points, and from the bulk
receiving points to local distributing points, The bulk receiving points generally
are called "transmission substations, ' and the local distributing points "distribution
substations, ! and both types are located with economic finesse throughout the system,
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The transmission lines tying generating stations to bulk receiving stations are
generally regarded as the transmission system. They usually operate at voltages
of 115,000 volts and up to 345, 000 volts at the present time in order to minimize
transmission losses by holding down current flow, and in order to pack maximum
energy transport capability into minimum right of way real estate,

The network of lines tying bulk substations to distribution substations is often
called the '"subtransmission' system, and they may operate at voltages from
230, 000 volts down to around 20, 000, Very large customers may be served from
the subtransmission system, The distinction is made between 'transmission' and
"subtransmission' according to the role they play in the power system, and not by
the voltage level, which varies from system to system.

The distribution system is fed from the distribution substations, and it may
operate from 26, 000 volts down to about 4,000 volts, The distribution system may
be radial when the individual feeders are not connected together, and the loss of
which results interruption for the customer supplied from the line, or they may
form a network and be fed from several substations, Larger customers and the
secondary systems are supplied directly from the distribution system.

When we talk about storage we do not mean storing energy in the form of elec-
tricity, as it cannot be done economically in large quantities, We also want to ex-
clude here the economics of fuel storage. The only known economic way to store
electric energy enroute from the conventional generating station to the customer is
by pumped storage. This technique involves pumping water from a lower reser-
voir to a higher one during light load time at low production cost in order to release
the water at the time of high demand and high production cost. Actually, another
indirect form of storage is achieved by a conventional hydro station where the water
is retained in the reservoir when the energy is not needed and released only when

~ the demand is high.

Interconnections are simply transmission lines built between two or more neigh-
boring utilities to interchange energy when it is mutually advantageous; that is,
when one can produce excess power at a lower cost under normal conditions and for
mutual help during emergencies, In case several systems join in an interconnec-
tion agreement the group is frequently called a power pool.

While each of these major parts of a power system has its own characteristic
economic problems, the economics of the electric energy delivery must be looked
at from the standpoint of the whole system, Specific problems, such as transmis-
sion and pumped storage, cannot be divorced from economics of operation and expan-
sion of the entire system,

We will first briefly talk about the economics of producing power and expanding
a system in general, then will go into detail of the economics of transmission,

Figure 1 shows the invested capital structure of a typical power company,
Power plants take the largest share, but distribution facilities take almost as much.
Transmission takes a smaller share and the '"others' category includes items like
buildings, shops, vehicles, etc, This relative distribution, of course, may vary

from company to company depending on the location and density of load, but it is
quite representative of the industry as a whole.
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Economic Operation of a power system

A power system in existence, with the facilities then available for service, must
be operated with maximum economy, Further, the system must be expanded in the
most economic manner to meet future loads, These two problems are not really
separable because, in planning the economic expansion of a system, the operating
characteristics of the future system is very important. Setting down the operating
principles is, therefore, logical and necessary to form the basis for further dis-
cussion of the problem.

Load Characteristics

Before we can talk about the operation of a system, it is necessary to discuss
the unique load characteristics of a power system, Many basic economic problems
are the direct result of these characteristics. Figure 2 shows typical daily load
characteristics of a power system, The chart shows the load for a normal winter
weekday.

The shape of the curve may change from season to season, as temperature and
the daylight hours vary. Basically, the load has a minimum value below which the
load never descends, sharply increasing periods and peak loads lasting only a few
hours a day, followed by rapidly decreasing periods. The power generated by the
system every moment must be equal to the demand, as energy cannot be stored
economically in the form of electricity. The generating equipment available to
meet the load usually varies in size, efficiency, reliability, and cost of fuel, etc.,
some located near load centers, some at far away hydro plants or minemouth gener-
ation sites, Spinning reserve must be available to cover the possibility of the sud-
den outage of some equipment and additional reserve capacity must be built to allow
scheduled and non-scheduled maintenance.

. To achieve minimum cost of energy delivery at all times, it is necessary to

schedule the available generating units carefully throughout the day, The high effici-
ency units, which are characteristically the newer and larger size units and which
characteristically burn the lowest cost fuels, are therefore utilized to provide as
many kilowatt hours as possible and practicable. These units are assigned to carry
the so-called '"base load'", and usually are not taken out of service except when main-
tenance is required. ILess efficient units are assigned the next block of load and
these may be taken out of service every night, except certain ones vh ich may be kept
on line for local area protection in case of transmission failure, Non base-load
units are usually older units once themselves serving as base load units.

The peak load hours frequently are taken care of by so-called peaking units,
which may be relatively low efficiency internal combustion units (diesel or gas tur-
bine) or '""bare bone' low efficiency steam units. Conventional hydro plants can be
used for any of these purposes depending upon the characteristics of the available
water and the storage. Usually the power system is interconnected to a neighbor-
ing system and can interchange energy to take advantage of the possible cost differ-
ences at any given period, or to provide mutual help in case of emergency.

At any given moment the total delivered energy has a definite cost value which
depends upon the combination of cost values of all the generating facilities in ser-
vice,

The transmission system makes it possible to operate all units in unison and
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naturally the loading on the transmission lines has some effect on the economics of
of the delivery as the losses are higher, if the energy has to be delivered over long
distances, The status of the transmission system may affect the whole system
economy when uneconomical generation has to be kept in service during the outage
of lines or frequently in anticipation of line outages in critical areas. Loading on
the lines must be constantly monitored to prevent overloads even by deviating from
the economic generation schedules,

The operation of the distribution system is largely independent of the genera-
tion system and its daily operation, as it is usually not affected by the loading sched-
ules of the various generators with the exception of some small size peaking units,
which may be connected directly to the distribution system., Operating arrange-
ments and outages in the transmission and subtransmission system, however, may
affect the distribution system.

Development of an economic power system

Having looked roughly at how an economical power system operates, let us now
look into the future and see what basic economic factors govern its expansion.
Again we must emphasize that the system as a whole must be considered to achieve
the best results,

Let us assume that a reasonable load forecast is available for the entire future
period under investigation, not only for the magnitude of the yearly peak load on
the whole system, but also the geographic distribution of it, the shape of the load
curve and the kilowatt hours to be provided., Variation in this load forecast may
materially change the economic expansion pattern, especially as to timing.

The objective of the planning is to develop a schedule of additions to the genera-
tion and transmission facilities which assures that the projected load will be met
with acceptable reliability and the cost of energy will be minimum in the future.
Investment cost of the new equipment, generating and transmission, and the overall
operating cost of the entire future system must be carefully analyzed.

Turning'to generation expansion problems, there are usually a very large num-
ber of alternatives available, The location of new units as related to the existing
and projected transmission system is one of the first considerations., The size of
the unit has a strong influence on the installation cost, as the cost per kw decreases
with the increase in size. The amount of necessary reserve capacity depends upon
the size and reliability of the existing and future units. 1If only a few large size
units are built it will be necessary to have more reserve capacity to cover the outage
of the large units, This may be detrimental because the extra reserve capacity
may cost more than the gain from the large units. The fuels to be used, especially
the projected fuel prices at the considered location, may be decisive, The selec-
tion of types of units, for example base load versus peaking, is one of the most
interesting tasks of a system planner. No universal rules can be set forth, as size
of the particular system under consideration, the potential load growth, fuel prices,
available hydro, etc,, all play decisive influence., One may think, why not build
only large efficient units in the future to take advantage of the decreasing installa-
tion cost, If we note that the load on the system is such that the peak demand lasts
only for a short period, it is obvious that the large units will not be loaded up al-
ways to their maximum, and nearly the most efficient value, but will have to run
often with 3/4 or 1/2 load with the corresponding loss of efficiency. One may go
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to the other extreme; install smaller size peaking units with relatively low efficiency
but take advantage of the lower installation cost as both factors influence the ultimate
cost of the delivered energy., It is very difficult, in fact dangerous, to use rules of
thumb in this analysis, The industry has had to resort to the most modern analyti-
cal methods to get satisfactory results in the proper balance and timing of various
types of generating units.

The location of the units is determined by the relative economics of fuel prices
versus transmission cost and such important factors like availability of cooling
water, air and water pollution restrictions, and government regulations and public {
acceptability in case of nuclear plants. Smaller size peaking units (diesel and gas -
turbine) may be located near load centers but the inherent noise problem can be pro-
hibitive,

. We haven?t tried to analyze in detail all the factors involved in generation plan- -
ning, but merely pointed to the most important ones to emphasize the complexity of
the problem and the relations to transmission and storage.

Transmission and distribution planning

Transmission planning cannot be separated from generation planning and to a
lesser degree even from distribution planning. The roles of transmission are:
to carry large blocks of power from the generating stations to the load centers and
provide interconnection with neighboring systems; to share reserve capacity and
diversity; and to allow interchange of energy on an economic basis, The most-econ-
omic solution is arrived at when these functions are integrated into one scheme and
the individual lines fulfill more than one of these functions, If the problem were
only bulk transportation of energy from point to point, other means may prove more
economical as Figure 3 shows. These typical data, of course, include the fixed
charges as well as operating costs and losses. The data for this chart was taken
_from a technical committee report of the FPC National Power Survey. Electric
transmission is, however, the only means to move energy generated at remote hydro-
plants,

The capacity of a transmission line, using the same conductors increases prop~
ortionally with the voltage while the relative losses decrease. The first planning
consideration is, therefore, the voltage to be used for a transmission project.
Naturally, at a lower voltage more circuits are needed to carry the same power flow
and considering the limitations of right-of-ways and the need to transmit larger and
larger amounts of power in the future, it is easy to see why transmission voltages go
upward by leaps and bounds to limit the number of circuits and thus the right of way
real estate needed,

Figure 4 shows the historical development of highest transmission voltages used
in this country, Except for a few experimental lines, at the present time the highest
transmission voltage in this country is 345, 000 V, but shortly many 500, 000 V lines ‘
will be operating. 700,000 V transmission will follow in a few years with a large
Canadian hydro project, Previously there was not great pressure in this country to
raise transmission voltages as most load centers had ample fuel supply nearby. In
the meantime, the technology of EHV developed sufficiently and the utilities began to
realize that to keep ahead of the increasing demand and keep rates down they have to
build larger more efficient units at locations where fuel prices are low, Individual
systems are sometimes too small to take full advantage of these developments, e
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Therefore they have combined their effort to build commonly owned plants and inter -~

connect with neighboring systems and pools by EHV lines.

Another factor plays a significant role for the private utilities; that is competi-
tion or potential competition from publicly-owned power suppliers. Sometimes the
economic analysis shows no clear-cut advantage for a scheme incorporating extensive
EHV. In borderline cases intangibles, such as these competitive considerations,
may decide in favor of EHV,

It is obvious that as we increase the voltages of the transmission system we can
transmit more power on the right of way and generally we need less number of lines
to transmit the same amount of power. Although the outage rate of the higher vol-
tage lines generally is less than the lower voltage lines, the planner has to assume
that they would fail occasionally, Therefore, at this point we have to introduce the
concept of firm supply. Let us assume, for example, a remote mine mouth plant
which for its very nature will be used as base load generation, A single line bet-
ween this mine mouth plant and the load center obviously cannot be considered firm
because even the highest degree of preventive maintenance cannot assure it. To
firm up the transmission scheme a second line should be built, The capacity of
each line should be at least as much as to be able to carry the full output of the plant
during the outage of one of the lines, Therefore, normally the lines will be utilized
only partially, Under these conditions too high voltage level with the inherent higher
expenditure may be uneconomical at least for the initial operation of the system.
Expected later developments such as more generating units at the same location or
along the line, or possible interconnections, may justify however the initial higher
expenditure to forestall future even higher expenditure. The economic planning of
transmission systems is not a series of one shot affairs, but usually involves a co-
ordinated study of as many as 25 to 30 years of developments. The economic solu-
tion is what results in the least expensive scheme over the whole period,

Figures 5, 6 and 7 show the cost of point to point transmission of 500 mw at 345
kv, 1000 mw at 500 kv and 2000 mw at 700 kv respectively, Each chart shows three
curves reflecting the decrease of transmission cost as the load factor {L, F.}, that
is the utilization of the line, increased from 50% to 70% and to 85%., These curves
were also taken from a technical committee report of the FPC National Power Sur-
vey. I would like to emphasize here that these illustrations represent typical values
and may not be applicable to a particular situation, where conditions are different
from what it was assumed in the FPC survey,

In congested areas the unavailability of rights-of-way, or local opposition, often
prevents building overhead lines., Utilities frequently are forced to put the lines
underground, which, of course, besides the technical and operating difficulties, in-
volves substantially higher expenditures per circuit mile than overhead lines.

Hitherto we have talked about AC transmission only, but as you probably heard
from recent announcements on the west coast two DC~EHV lines will be built to-
gether with several AC-EHV lines to bring the surplus hydro energy available in the
Pacific Northwest to load centers in the Southwest, These lines will be built partly
by private and partly by government agencies and it signifies an unusual cooperation
between these two sectors of the electric utility industry in this country., Before we
discuss the economics of DC lines versus AC lines, it may be worth pointing out cer-
tain important technical differences between them.
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First, an AC line by its very nature fits into an existing system without too much
difficulty. The power flow on an AC line is inherently determined by the difference
of the balance of generation and load at each end of the line, and the equipment and
operating methods are well developed. The DC line is an entirely different thing,
The energy will continue to be generated and utilized at AC, therefore the power must
be rectified to DC at the sending end and converted back to AC at the receiving end of
the line, The rectifiers and converters are very expensive equipment especially
when we talk about thousands of megawatts and voltages up to 1,000,000 V. . The
more expensive terminal equipment fortunately is compensated for somewhat by less
expensive line design., The losses in.a DC transmission line are less than on an AC
line because it doesn!t have to carry reactive power inherent in the case of an AC
line, Operating methods, however, will be more rigid with the DC line involving
more intricate control equipment for the whole system., Ignoring special cases, such
as underground or underwater cable systems too expensive with AC, or connecting -
systems with different frequency, DC lines can compete successfully with AC lines
only in point to point long distance transmission of very large amounts of power, This
restriction of the DC application stems from the relative cost of the terminal equip-
ment and the inflexibility of the DC transmission as far as the future extension of the
system is concerned. If along the proposed transmission route important load cen-
ters are expected to develop or new generating units will be built, the AC line offers
a distinct advantage because it can be more easily tapped according to the requirement,
The place of DC lines, at least at the moment, is in clear-cut long distance point to
point transmission, or in the special cases of underground or underwater transmission
mentioned,

Figures 8 and 9 compare the cost of point to point transmission by AC versus DC
for a '"typical' case. The cost figures include the cost of the terminal facilities too,

Distribution

We pointed out earlier that the economics of the distribution can stand on its own
feet, largely independent of the economic considerations in associated generation and
transmission, Distribution systems are as varied as the areas they supply. A dis~
tribution system in a rural area has different problems than a densely populated urban
area, It is of course more economical to locate the distribution substation somewhere
near the center of the area it serves, but frequently it is not possible and the utility
has to consider alternative locations, It is increasingly difficult to acquire property
in densely populated areas because of zoning problems or because property is simply
not available,

The location of the substations is one of the most important economic factors in
the distribution system as it determines the length of the feeders from the station to
the customer, Just like in the case of generation and transmission it is not suffici-
ent to solve the immediate problem, but the future load growth has to be taken into
consideration., Later, more and more substations will be needed and the system
should be so designed as to make it easy to affect future extensions and changes,
Sometimes substation property must be acquired well in advance of the actual need to
assure its availability,

The quality of electric service is measured by its reliability, and by tightness of
voltage and frequency regulations at the point of delivery, Except for frequency,
most troubles originate in the distribution system, It is more vulnerable to adverse
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outside influences, such as weather, than the transmission system.

Rapidly increasing customer loads coupled with the previously mentioned fac-
tors has resulted in an upward push in distribution voltages. Recently utilities
have decided to build underground systems to improve the appearance of the com-
munity and at the same time the reliability of service. These tendencies naturally
resulted in increased cost of the distribution system., An underground distribution
system still costs much more than an equivalent overhead system., The utilities
are making a great effort to keep-this cost down by constantly improving the methods
and equipment,

Pumped storage

We have been asked to talk about storing energy and, as mentioned before, it
cannot be stored economically in the form of electricity., [Early in this presenta-
tion when we discussed the operation of a system we pointed out that the cost of total
energy at any given moment depends upon the generating units providing it. As the
load increases on a system at a given day, more and more units are put into service
with lower efficiency and higher operating cost. If we can devise some means
whereby we can store energy produced at a low cost and release it at a time of high
demand and high cost, we may justify the expenditure for that storage,

The operation of a pumped storage plant is simply to pump water from a lower
reservoir to a higher one during light load periods on the power system when only
efficient units operate, usually at night and weekends, and release the water to
generate energy during heavy demand when otherwise inefficient units would have to
be operated,

Pumped storage plants, utilizing this concept, have gained popularity in this
country, The concept was known for many years but in this country it had not been
popular until the economic reversible pump-turbine was developed.some years ago,
which made it possible to lower installation costs, Before, each unit consisted of
a generator-motor and a separate pump and turbine, all on the same shaft,

Naturally, the pumping-generating cycle involves losses and at the present such
plants operate at about 66% cycle efficiency; that is, only 2/3 of the energy used to
pump the water to the upper reservoir can be regained when generating, What
makes then such a plant economic for a utility? We have to look again at the daily
load characteristics of a system and the available generating units to meet the load
most economically, We have talked about it briefly, but to understand the econo-
mics of pumped storage we have to look into the subject in more detail,

The generating system consists of many units, some of them large efficient base
load units, some older less efficient units, once themselves base load units, which
are normally shut down during light load periods, and peaking units used only during
the heaviest demand period, The relative balance of these units varies with each
system, If the system has a relatively high proportion of efficient units, these may
have to be curtailed during light load periods with the resulting loss of efficiency.

It may even be necessary to shut down some of them frequently, thus incurring extra
cost for start-ups and subjecting them to inicremental maintenance, With such a
system, the pumped-storage should be investigated as a means to provide peaking
capacity provided, of course, that a suitably economical site is available for such a
development at a reasonable distance. The operation of the system then would be
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that during light load the efficient stearn units, which otherwise would be partly loaded
or shut down, would provide the pumping energy at a relatively low cost, thus filling
the valleys of the load curve. During heavy demand the pumped storage plant would
'provide the peaking energy at a lower cost than alternative peaking units could.

Figure 10 shows the daily load curve of a system with pumped storage, As you can
see the base load units are fully loaded throughout the day, When the actual load
drops below the capacity of the base load units during the night, the difference is used
for pumping. During peak hours the pumped storage plant generates instead of other
more expensive types of peaking units,

For example, let us assume that the base load units provide the pumping energy
_at 2 mills per kwh, then the cost of energy generated at the pump-storage plant will
be 3 mills per kwh because of the losses in the cycle. This 3 mills per kwh figure
then should be compared with the energy cost of other types of peaking to determine
which one is more economical.

The installation cost of the pumped storage plant and the alternative peaking
plants, and the operating cost of the whole system with and without the pumped stor -
age must be very carefully analyzed to determine the economic solution. In this case
just as any other problem, not only the present condition should be looked into but
also how it affects future economies. The investigation also involves the analysis
of the optimum size of the reservoirs at the pumped storage plant,

Naturally, the installation cost and the optimum size of the reservoir are largely
determined by the local topographical and geological conditions at the site, which is
beyond the control of the utility,

The geographical location of the prospective pumped storage plant, as related to
load centers and generating stations providing the pumping energy is another impor-
_tant factor, The transmission lines leading to the pumped storage plant have to con-
nect the plant with load centers and transmit pumping power from other generating
sources, The problems are, therefore, somewhat more complex than with conven-
tional hydro or steam stations and require detailed investigation and in the final analy-
sis it may be decisive for or against the pumped storage plant. Several other factors
can influence the economics of a pumped storage plant besides those just mentioned;
'such as the sharpness of the peak load period, that is its magnitude and duration,
and the amount of excess cheap energy available for pumping during off peak periods.
Obviously a system with sharp peaks will find a pumped storage plant more attractive
than another system with flat peak periods and relatively cheap peaking energy already
available from conventional hydro plants,

Expected future developments

We have discussed a few of the current problems of storing and transmitting elec-
tric energy, Now, based on the present conditions and trends, we can make a reas-
onable projection into the future,

The electric utility industry is facing a tremendous task, The load has been in-
creasing at such a rate that it doubles every ten years, We can foresee no satura-
tion in this respect and plans are based on the assumption that this trend will continue
in the foreseeable future, This pressure of increasing load will inevitably force util-
ities to combine the efforts and form more interconnections and power pools. These
pools in turn will make it possible to build larger and larger units. Individual
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systems of moderate size cannot hope to build these units, because of the penalty
they have to suffer as a result, in the form of increased reserve requirement, But
as'a member of a larger group they can enjoy the full benefits, as the installation
cost per kw decreases with the size, The overall reserve requirements will be less
and operating costs are expected to decrease also, Naturally, these large size units
will be built where fuel prices are advantageous, As gas and oil prices are increas-~
ing there is a revival in the interest of coal in areas where coal has not been used,
for example in the Southwestern part of the country. Elsewhere in the country, the
coal transportation costs are decreasing, which has an important influence on this
revival of coal, This development and the EHV transmission makes it possible for
the industry to maintain a healthy economic status and at the same time decrease
energy cost and provide more reliable service,

In the field of transmission we expect the voltages to go up to 1, 000,000 V, which
is technically feasible even today. Beyond this it is difficult to make predictions,

The relative share of hydro energy is going to decrease as economic sites are
being rapidly developed in this country, . There are huge hydro resources available
in Canada however, In spite of this, it is expected that such regions as the North-
west, which hitherto has relied exclusively upon hydro power, will have to resort to
other sources for energy in the not too-distant future,

The relative share of nuclear energy in the future is still being debated, There
is a general agreement that it can compete in areas of high fuel cost but recent
announcements (Oyster Creek) indicate that it has a chance to compete in relatively
low fuel cost areas, such as the Midatlantic states, TUnquestionably nuclear energy
will be used more and more,

We heard a lot of talk about various methods of direct conversion recently, AIll

-of these projects are in experimental stages and it is difficult to estimate their future

influence., Only the MHD method appears to be economical in large size central
stations at this time, Significant development, either economical or technological,
can materially change the economic picture of future energy delivery.

The electric utility industry, contrary to the popular belief, is not without vigor-
ous competition with other types of fuels, They are vigorously campaigning to in-
crease their load and one of the brightest areas in their competitive picture appears
to be electric space heating, Their approach of promoting load growth and thereby
decreasing the cost of supply, assures that electricity will continue its strong tech-
nological and economic development well into the future.

The speaker wishes to express appreciation to Mr, Zoltan Csukonyi of the
Bechtel Corporation for his invaluable work in the preparation of this paper,
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PATTERN CF ZNERGY CONSWMPTICN IN THE UNITED STATES
William A. Vogely

Division of Heonomic Analysis
Bureau of Mines
tU.5. Department of the Interior

The pattern of flows of energy through the economy of the United States is an
ever changing one. Major shifts in sources of energy and in the uses to which
encrgy is put have cccurred since the beginning of our industrial economy. This
paper is limited tc an examination of the post-war period. Within this decade and
s half (1947-1962) there were factors which created a very different set of energy
flows for 1962 from that of 1947. These changes will be examined, hypotheses
concerning them will be presented, and projections to 1980 of the pattern will be
made. Such zn analysis should serve as a2 useful frame of reference for papers
dealing with specific energy sources.

Two views of the energy economy are presented in tebtles. The first shows total
energy resource consumption by cousuming sector by source. The second shows energy
resource consumption by consuming sector by function. Projections to 1986 are given
for cach view. The concluding portion of this paper presents s tentative hypothesis
concerning competition among erergy sources and energy trends.

Energy Consumption by Supplying and Consuming Sector

Tables 1 through 4 present energy balances by supplying and consuming sectors
for selected years. Tables are presented for 1947, 1955, 1962, and 1980. Historical
data are available for selected years covering the entire period 1947-1962 }/ but the
trends are relatively smooth and a good picture can be obtained by examining the
years 1 have chosen to include in this report.

'Major shifts in energy consumption by .fuel source have occurred between 1947 and
1962 (see Figure 1). Bituminous coal and lignite, which supplied Lk percent of the
energy in 1947, dropped to 21 percent by 1962. Anthracite showed an even greater
relative drop, declining from 4 percent to less than 1 percent. The decline of coal
as a source was offset by increases in use of petroleum and natural gas. These
shifts are clearly reflected in the pattern of growth rates by sources over this
period. Total energy consumption increased at an annual rate of growth of 2.5
percent over the period. Bituminous coal and lignite showed an average rate of
decline of the same amount, 2.5 percent. Anthracite declined at an annual rate of
7.5 percent. Hydropower increased at a 2-percent rate. The most rapidly growing
sector was natural gas, showing an annual growth rate of 8 percent, while petroleum
showed an annual growth rate of 4.25 percent.

The shifts between the relative size of the consuming sectors was also marked
(see Figure 2). - When electricity is not distributed to the other three consuming
sectors (compare tasble 1 with table 3), the industrial and transportation sectors
declined in relative importance while households increased slightly, but the major
gain was recorded by electric generation. When electricity is allocated back to the
other three consuming sectors, the picture changes a little. The household and
commercizl sector now shows a T-point increase in its relative size, with both

industrial and transportation declining (seetables 7 and 13).

l/ Horrison, W. &. Sumnary fnergy Balances for the United States--Selected Years
1¢47-1962. United States Department of the Interior, Bureau of Mines, Information
Circular 82u2.
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Bituminous coal and lignite and anthracite declined as energy sources because
they virtually lost two major markets. In 1947, coal accounted for 50 and 34
percent, respectively, of the household and commercial and transportation markets.
By 1962 its share of these markets had dropped to 8 percent of the household and
commercial market and was negligible in the transportation market. Coal also
suffered a severe decline in the share of the industrial market, from 57 to 32
percent. The same time it almost held its own in supplying fuel-burning electric
generating plants suffering a relstively minor decline from Tl to 64 percent. But
because fuel-generated electricity increased from 67 percent to 79 percent of total
utility generation over the period, coal's share of this total actually increased
from 47 to 50 percent.

The source of the growth in natural gas was apparently in all sectors. Its
share increased from 17 to b4 percent in the household and commercial sector, from
23 to 42 percent in the industrial sector, and from 13 to 28 percent in the fuel-
burning electric generating sector. Petroleum also increased its shares in the
household ‘and commercial and industrial markets and transportation but showed a
decline in the fuel-burning electric generating market.

Energy Consumption by Function and Sector

A breakdown of energy consumption by function and consuming sector is contained
in tables 5 through 14 for the same years. These tables are arranged so that the
data for each year are presented, and then a percentage distribution by function and
by sector follows. One of.the highlights of this analysis is the relative stability
of the distribution of uses of energy. The tables show, for example, that nonenergy
uses have increased only from 4 percent of the total in 1947 to 5 percent of the
total in 1962. The shift that occurred was a shift to consumption of energy as
electricity. Here we see a change from 15 percent in 1947 to 21 percent in 1962,
with a shift also between self-generated and utility electricity. )

The series of tables on energy use by function are of most value when one turns

to the competitive position of the various competing fuels. We will come back to
this point after we take a look at the forecasts for 1980.

Forecasts for 1980

The forecasts for 1980, as presented in tables for that year, were made under
certain assumptions. These include no major change in our international relations,
an annual rate of growth of U4 percent in GNP and 1.6 percent in population,
stability of the real cost of the primary energy sources both relative to each other
and to the general level of commodity cost, a continuation of an evolutionary
- technology rather than a revolutionary one, the assumption of adequate supplies
elther domestic or imported to meet demands, and finally, the acceptance of the
Federal Power Commission and the Atomic Energy Commission forecast that installed
electric generastion capacity in nuclear plants will reach 70,000 megawatts by 1980.

These forecasts were made after an intensive examination of trends indicated
by the energy balances. The magnitude of expected error increases as one moves
from the total energy to the energy by consuming sector to the energy by supplying
source. The latter has always bteen the most erratic and can be expected to hold
the major surprises in the future. Projections made here, it should be understood,
are based upon the explicit assumption of no major new technological breakthroughs
except nuclear energy.
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It should bve emphasized that forecasts made in the context of a total energy
balance, and based upon relatively general indicators, are not necessarily the
best for any given type of fuel. There is a wide range of competent forecasts for
specific fuels, and my results are higher than the general consensus for some fuels
and lower for others. The specific fuel forecast contains the highest degree of
expected variability, on thé order of plus or minus 30 percent. For this reascn,
these forecasts developed in this paper should not be interpreted as an alternative
to specific fuel forecasts made by others, but should be used in the context of an
analysis of energy source shifts and the impact of such shifts on a given fuel.

The kind of analysis involved, looking at energy as a single commodity, is but one
of many types that can be made. The forecasts are a result of this system of
analysis, and should be interpreted within the context of the methodclogy, rather
than as firm forecasts for planning.

The methodology of the forecast involved projectién of least square trends of
historical data and correlation between these data and other indicators.

An initial estimate was made of the rate of growth of total energy consumption
by sector by correlating the various sectors with general economic indicators. The
indicators used were GNP (for total energy), population {for the household and
commercial sector), a composite variable consisting of new construction, producer,
durable and personal consumption expenditures (for the industrial sector), and GNP
(for the transportation sector). The electric utilities sector was taken fram an
advisory committee report (No. 21) for the National Power Survey of the Federal
Power Commission. From this analysis, estimates of total consumption and of
consumption by consuming sector were determined. These markets were then allocated
to energy sources by subjecting the least squares projections of each source to
analysis and judgment based on knowledge of the energy industries and markets,
consensus of outside experts, and examination of other functional energy forecasts.

The forecast shows that energy is expected to grow at an annual rate of 3.2
percent, considerably above the historical rate of 2.5 percent. All sectors except
household and commercial are expected to grow at faster rates than during the
historical period. The industrial growth is expected to be 2 percent per annum as
compared to an historical 1 percent; transportation, 3.5 percent as compared to

1.75 percent; and electricity, 5.5 percent as compared to 5 percent.

From the point of view of sources of supply, some major shifts are indicated.
Bituminous coal, which showed an average decline of 2.5 percent in the historical
period, is expected to reverse itself and increase at a rate of 2.4 percent.
Petroleum and natural gas are expected to show a decline in growth rate to rates of
3.0 and 3.5 percent, respectively. Hydropower is expected to continue a 2-percent
growth rate, and anthracite will continue to decline but at a slower rate, about 2
percent a year. The major new element coming into the picture, becoming significant
within a couple of years, is nuclear energy. It is expected to grow from a
negligible proportion of the market in 1962 to supply almost 5 percent of the total
energy market by 1980. This represents an annual rate of growth of 34 percent per

year.

Competition Between Energy Sources

Given today's techndlogy, there are apparently two sectors of energy consumption
for which fuels compete on a price basis. These are the electric generation sector
and the other heat portion of the industrial sector. This is essentially the boiler-
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fuel market. It is not an insignificant one. 1In 1962 it was 53 percent of the total
erergy market and by 1980 it is expected to be 56 percent of that market. Prior to
the introduction of gas by pipeline into the major residential market, the household
and commercial sector was considered a competitive market for fuels. Oil and coal
were competing with each other for this market. However, the major technological
breakthrough represented by the high-pressure large-diameter pipelines which brought
gas to markets quickly altered the picture. Natural gas which supplied 17 percent
in 1947 had increased its share to Lk percent by 1962 and, even further, is expected
to increase its share to 58 percent by 1980. Today's household and commercial
market met by energy in the form of fuel is the province of petroleum and natural
gas. Coal is out for reasons that have little to do with price. The transportation
market, with dieselization of the railroads, became the sole province of petroleum,
although natural gas used in pipeline transportation represents a small but
significant percentage of this market.

However, the growth of electricity is placing both the household and industrisl
markets to some degree again in a competitive position. In 1947 the household and
commercial market obtained 30 percent of its energy by electricity. By 1962 this
had grown to 36 percent and it is projected to grow to almost 50 percent by 1980.
The generation of electricity is a competitive fuel market. A similer trend is
recognizable in the indusirial market, which got 16 percent of its energy from
electricity in 19L7, 20 percent in 1662, and a projected 27 percent in 1980. Thus,
technology, while closing some markets to competition through a highly efficient
production function in which the cost of fuel becomes a minor consideration, is also
returning other markets to competition by switching to an energy form which can be
supplied competitively from any of the source meterials.

A Tentative Hypothesis

Ma jor shifts have occurred among the sources of energy in the United States
economy. These shifts have been described in the previous portions of this paper.
The .shifts between sources have been of much greater magnitude than the shifts in
total energy consumption by sector. Therefore, it is obvious that the explanation
for the changing demands for a specific mineral source must lie in its substitution
by another energy source rather than the changing structure of the market itself.
What are the determinants of this substitution? This is the fundamental question
in analyzing the demand for a specific energy material and one upon which I want
to venture a tentative hypothesis.

The theory of market demand as developed by economists sees three kinds of
forces operating on the demand for a commodity. These are the structure of taste
of consumers, the level of income of consumers, and the relative prices of the
commodities. Given these three factors, one can construet a demand function for the
commodity in concern. Such a function, assuming a given taste, will tell you by
how much the actual quantity demanded of a commodity will change if incomes change
and if prices change. In the case of & raw material, the demand function is
derived from that of the finished commodity, and is a function of that demand.and
relative price. BSuch an analysis simply does not work for the energy raw materials
in our economy. 1 know because I hsve tried it. This failure of traditional
economic theory to explain the shifting patterns has caused me to put forward an
alternative hypothesis. This hypothesis briefly stated is as follows: The shifting
demands for energy source material are explained by the changing production
functions in the consuming sectors, thaet is, by technological changes in the
consuming sectors. '
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This hypothesis holds that a new technology in a consuming sector is very likely
to be of such a nature that the energy commodities are not substitutes within it. A
production function is chosen which requires certain characteristics of the energy
source, but the cost of the energy meeting these characteristics was probably of very
minor or negligitle importance in the design of the total production function. For
example, the dieselization of the railroads clearly was not made to save fuel cost.
Coal lost the railroad market because the entire production function of providing
motive power for railroads changed. The entire complex of service was cheaper from
diesel-powered locomotives that from steam~powered locomotives. On an energy basis
alone, there is no evidence that the fuel costs are any cheaper. The other costs
simply outweighed the fuel costs in their entirety. If we look at the household and
commercial market which coal has also lost, we find that the development of the
technology of transmission of gas and the development of the automatic furnace
together forced coal out of this market. The space saving, cleanliness, and
convenience features were and are overwhelming. If price of energy were the facitor
here, we would see the rate of gas penetration slowing, since the price of gas has
been rising steadily relative to other fuels for the last 20 years. This is not the
case. Once again the technology determines the fuel source, and price changes
within the fuel sources themselves cannot reverse this commitment.

To partially substantiate this hypothesis in an indirect way, look at the
competitive area of the energy market, the so-called boiler-fuel market. Here the
traditional economics apparently do apply and coal has done well in this market.
The price relatives have favored coal throughout the entire period and even so, it
has lost the major transportation and household and commercial markets.

If my hypothesis is acceptable, it means that analysis of the substitution of
energy sources must be based squarely on the technology of and the rate and
character of technological change in the consuming sectors. It cannot be based
upon an analysis of the energy sources themselves. This forces the analyst
interested in energy into an overall look at the entire economy and into the very
difficult area of predicting technologic change. This is perhaps discouraging but
nevertheless, I believe, true. '
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TABLE 5.-United States gross consumption of energy by
function and consuming sector, 1924."{
(Trillion Btu)

Household
and Total
Function commercial Transportation | Industrial * function
Space he@ite-eeseoccencocnacn 3,994 9k 439 4,527
Other he@te--=ercerccmcecacca 2,454 - 10,462 12,916
Total heatmeememcccacu- 6,448 94 10,901 17,443
Utility electricity-=--=-w-= 2,880 70 1,447 4,397
Self-generated electricity-- 0 0 T32 732
Total electricity==-==== 2,880 T0 2,179 5,129
Motive US€--meecescecemcemcas —- 8,697 - 8,697
Non-energy useS--ce=-=mme==n 326 -- 1,030 1,356
Total sectOor----=secmaa 9,654 - 8,861 14,110 33,168 1/

1/ Parts do not add to total because miscellaneous category left out; about 2% of

Total; 544 in 1947.

TABLE 6.-Percent distribution of gross consumption of energy

of each sector by function, 1947

Household
and Total
Function commercial Transportation | Industrial function
Space heat-=cremcccccaceaaan 1 1 3 1k
Other hegte-cw--meccecaceccaa~ 26 0 Th 39
Total heat~mrec—cremaaa 67 i 53
Utility electricitys-e-e-=-= 30 1 1 13
Self-generated electricity-- - - 5 2
Total electricity~===-= 30 1 16 15
Motive uUSEr-memmmccceecaao-a o] 98 0 26
' Non-energy useSe===--=s-eee=- 3 o 7 I
Total sector--~=-===== - 100 100 100 100 1/

_ _]:/ Parts do not add to total because miscellaneous left out; 2% of total in 1947,

ek S

il o utln




}

S v

-

D St

o A

ERs

syl

v

A

217

TABLE T.-Percent distribution of gross consumption of energy

by each function by sector, 1947
Household
and Total
Function commercial | Transportation|Industrial function
Space he@te-eme=e-co-ceona0o 88 2 10 100
Other heate==eeecececmcavaca- 19 0 81 100
Total heate~=eceeceeamae 37 1 62 100
Utility electricity~-eme==-e 65 2 33 100
Self-generated electricity-- - - 100 100
Total electricity--=-~- 56 1 43 100
Motive use-=-w-ccoccrccnaaaa 0 100 0 100
Non-energy uses-me=m=cmce=em-- oL 0 76 100
Total sector----------- 29 27 L2 100 1/

1/ Parts do not add to totel because miscellaneous category left out; 2% of total

in 1947.
TABLE 8.-United States gross consumption of energy
by function and consuming sector, 1955
(Trillion Btu)
Household
and Total
Function commercial | Transportation} Industrial function
Space hegte-meeemccccarucaan L,987 104 532 5,623
Other heat--=--==cecmcaccaux 3,023 —-——— 11,470 14,493
Total heate-=eeeceeea- 8,010 104 12,002 20,116

Utility. electricity-==--c--- 4,393 46 2,247 - 6,686
Self-generated electricity-- o] (o T61 61

Total electricity~----- 4,393 L6 3,008 7,447
Motive useee-==cecrmcecaccaan -—- 9,733 -—- 9,733
Non-energy uUses-==meeemmee=n . 615 - 1,090 1,705

Total sector=------==-- 13,018 9,883 16,100 39,956 1/

1/ Parts do not add to total because miscellaneous category left out; sbout 2% of

Total; 955 in 1955.
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TABLE 9.-Percent distribution of gross consumption of
energy of each sector by function, 1955

Household
and Total
Function commercial | Transportation | Industrial function
Space hegteeeecamaccccmacanaa 38 1 3 14
Other hegt-------ecccocunacaaa 23 Y Tl 36
Total heat-r=r=-ceecnax 61 1 T 50
Utility electricity--=-e-e-= 34 1/ 14 17
Self-generated electricity-- - - 5 2 -
Total electricity-~=-e= 3k 1/ 19 19
Motive usese~e-reccercacnnca. 0 99 0 25
Non-energy useSe==c=reme=—o- 5 0 N L
Total sector----------- 100 100 100 100 2/

1/ Less than .5%.

_5_/ Parts do not add to total because miscellaneous left out; 2% of total in 1955.

TABLE 10.-Percent distribution of gross consumption'of
energy by each function by sector, 1955

Household
. : and Total
Function commercial | Transportation | Industrial function
Space heat-~c-cmcmmmrcacucan 89 - 2 9 100
Other hegte--ececncccccccaaa 21 - T9 100
Total heat~----==ac---- ko 1/ 60 100
Utility electricity---ececa= 66 1 33 100
Self-generated electricity-- 0 -0 100 100
Total electricitye=e-=- 59 1 40 100
Motive us@e-ccceccccccecacaaa - 100 - 100
- NOn-energy uses—-=~-===c-==c 36 -- 6L 100
Total sector-~-==-=c-aa ' 33 25 40 100 2/

1/ Less than .s%.'

2/ Parts do not add to total because miscellaneous category left out; 2% of total

in 1955.
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TABLE 11.-United States gross consumption of
energy by function and consuming sectors, 1962
(Trillion Btu)

Household
and Total
Function commercial | Transportation | Industrial fung:tion
Space hegt----mamcccmoanan- 6,793 133 685 7,611
Other hegt--=c-c-vovo-ccooa- - 3,399 0 11,982 15,381
Total heat~--e-cncoena- 10,192 133 12,667 22,992
Utility electricity-=-eee--- 6,279 46 2,895 9,220 .
Self-generated electricity-- 0 0 T T4
Total electricity~=-~=- 6,279 46 3,642 9,967
-Motive use-----emeroccccana- 0 11,283 .0 11,283
Non-energy use~«--=-we-e-ce-- 8ob 0 1,570 2,370
Total sector----------- 17,275 11,462 17,879 47,897 1/

l./ Parts do not add to total. Miscellaneous category notincluded; 1,281 trillion

Btu, 2.6% of total.

TABLE 12.-Percent distribution of gross consumption of energy
of each sector by function, 1962

Household
. . and Total
Function commercial ] Transportation | Industrial function
Space hegt--e-cmcmreccrccce- 39. 1 I 16
Other hegte=er-ceccacaccaaa- 20 0 67 32
Total hegtereccccccccaan 50 T L 038
Utility electricity----co--- 36 2/ 16 19
Self-generated electricity-- 0 0 L 2
Total electricity------ 36 2/ 20 21
Motive useew-ccceccccnccnana (o] 99 0 23
Non-energy us@re--ecc-ccec-- 5 0 9 5
Total sector----------- 100 100 100 100 1/

_J_./ Parts do not add to total.

Btu, 2.6% of total.
2/ Less than .5%.

Miscellaneous category not

included; 1,281 trillion
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TABLE 13.-Percent distribution of gross consumption of energy
of each sector by function, 1962

Household
and . Total

Function commercial | Transportation| Industrial function
Space hegtesmeemmeccocacuan= - 89 2 9 100
Other heatee=-cemmancaceacas 22 0 78 100

Total heateceemcecmen=x Ly 1 55 100
Utility electricitye-menee-s 68 1 : 31 100
Self-generated electricity-«| - 0 0 100 100

Total electricity=-m~--~ 63 2/ 37 100

) —=

Motive uSe~smeemmecccmacwmnae o] 100 0 100
Non-energy usee=~e=--mmmem=-=- 3k 0 66 100

Total sector----------- 36 2k 3T . 100 1/

1/ Parts do not add to total; miscellaneous category not included; 2.6% of total.
2/ Less than .5%.

TABLE 14.-United States gross consumption of energy by function
and consuming sectors, 1980
(Trillion Btu)

Household
and Total
Function commercial | Transportation | Industrial function
Space hegteee-cmremcmcucacman 9,780 150 872 10,802
Other hegt=sc-=ccmcamcouanas 6,199 “-n 16,381 22,580
Total heate-=c--e-meme- 15,979 150 17,253 33,382
Utility electricity--w--amm- 17,504 70 6,807 - 24,381
Self-generated electricity~- 0 0 1,108 1,108
Total electricity---ean 17,504 70 7,915 25,489
Motive US@memm-cmsecmmmemon- R 21,193 - 21,193
- Non-energy uses-==--ve-ca--- 2,000 - 3,870 5,870
Total sector~---c-me-n- 35,483 21,413 29,038 85,934

_ ma N\




. EEe-

47 s

wetrw ~ LN

TABLE 15.-Percent distribution of gross consumption of energy
of each sector by function, 1980
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Household
and Total

Function commercial | Transportaticn| Industrial ‘function
Space hetemmemmmacamceeacan 28 1 3 12
Other he@teweeccceccccccanaa 17 0 57 26

Total hegtee~eecccccan- ks 1 60 38
Utility electricity-=----=n= 49 1/ 23 29
Self-generated electricity-- - - L 1

Total electricity------ ko 1/ 27 30
Motive use-=ecceccarcucccaca. 0 99 0 25
Non-energy usefreeme~wecmen= 6 0 13 7

Total sector---ceececccee 100 - 100 100 . 100
1/ Less than .5%.

TABLE 16.-Percent distribution of gross consumption of energy
by .each function by sector, 1980
Household -
and Total

Function commercial | Transportation| Industrial function
Space heat--e-eemmeemmm=m-a- 91 1 8 100
Other heat-=-eeecccamemmanax 27 0 73 100

Total heat--e=aeecamoean 48 1/ 52 100

—t=

Utility electricity-~=-e-eo- T2 Y 28 100
Self-generated electricity-- (o] 0 100 100

Total electricity--=-=- 69 i/ 31 100
MOtive USe-=mmemmmmmccmccoan o 100 0 100
Non-energy uses-e--cc=mem=== 3k 0 66 100

Total sectOr--==ece-ea- K1 25 34 100

1/ Less than .5%.
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THE UTILIZATION OF COAL .
J. D. Clendenin
Applied Research Laboratory

United States Steel Corp,
Monroeville, Pa, 15156

ABSTRACT

A brief survey is presented of current and prospective utilization of
coals, including lignite, (1) in the production of metéllurgical, chemical and'
specialty cokes, (2) as fuel for process steam, space and home heating, locomotives
‘and ship bunkers, (3) in the manufacture of industrial producer gas and gas for
chemical synthesis, (4) as fuel in cement and lime kiln firing, (5) at steel and
rolling mills and (6) in a variety of specialty and/or non-fuel uses, including
industrial carbons, active carbon, fillers, filter aids and media, water treatment,
foundry facing, road building, roofing and coating applications, barbecue briquets,
fertilizer and soil conditioner, coal-based plastics, etc.

Insofar as_possible, information is presented on process and product
research and other developments that may affect coal utilization, favorably 6r
unfavorably, in the areas cited. Since economics of coal utilization cannot
be divorced from economics of coal supply and transportation, these are touched

upon briefly although they are subjects of separate presentations in the Symposium.
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UTTLIZATION OF PETROLEUM AND PETROLEUM PRODUCTS
John M. Ryan

Standard 0il Company (N. J.)
General Economics Department
New York, New York

- Petroleum has been utilized by man throughout most of his stay on this planet.
An ancient Babylonian tablet reports, for example, that Noah calked his Ark with
bitumen. This story suggests that petroleum was used before the advent of recorded
history(3). Up until fairly recent times, however, crude oil and its products were
quite scarce and its consumption was limited.

In the mid-1800's, the oil industry as we now know it emerged. This develop-
ment was made possible when Colonel Drake improved the technology then in use for
drilling salt wells and drilled instead for oil in 1859. The Drake well, which was
the first well deliberately drilled for oil, was successful and resulted in produc-
tion of eight to ten barrels of oil a day. As Colonel Drake's approach came into
widespread use, crude oil production rose rapidly and during the next year total
domestic crude oil production was 500,000 barrels. One year later over two million
barrels were produced. The costs of crude oil declined sharply as production rose,
and petroleum utilization increased rapidly.

The broad expansion of oll markets that came about after 1859 was made possible
by many factors including: (1) high and rising prices for animel and vegetable
oils, (2) a radically improved technique of exploration and production, and (3)
improved techniques of utilization. This experience 1llustrates the fact that the
utilization of petroleum is the resultant of a wide variety of forces which
ultimately make themselves felt in the market place. The equilibrium achieved,
however, is quite fragile and changes in the underlying forces lead to continued
and sometimes rapid shifts in utilization patterns. Hence, in discussing utiliza-
tion, it i1s not sufficlent to consider existing or potential technology of oil con-
sumption alone. It 1s also necessary to indicate the effects of potentlal changes
in supply and of new competitive forces. Any projection of utilization must con~
tain, at least implicitly, some assumptions about future supply and competing
technology as these factors can have important consequences today. Thus an antic-
ipated shortage of a particular form of energy some years in the future leads con-
sumers to begin searching for ways to economize in the use of the resource or to
convert to alternate sources today. Producers begin to look for new supplies or
to improve methods of producing known deposits. Producers of competing fuels
search for ways to substitute their products for the one in short supply. All of
these activities tend to delay or to prevent an actual scarcity.

This point is well illustrated in the case of petroleum. The rapid rise in
crude oil production after the Drake discovery led to increasing fears that the
industry would be unable to continue meeting the demands being made upon it. In
1909, when the industry was a mature half century old, the U. S. Geological Survey
expressed the fear that the nation's petroleum resources would soon prove inad-
equate to meet the needs of industry and suggested further that, in the face of
approaching scarcity, petroleum should be limited to uses where there were no
reasonable substitutes such as lubrication and illumination(5). The introduction
of geological techniques to the oil-finding process around the turn of the century,
however, eventually ushered in a new era of oil discovery which prevented the antic-
ipated scarcity from developing.



224

The rapid acceptance and growth in the use of the automobile led to an even
greater demand on resources and the cry of forthcoming shortage was again heard
through the land. A leading professor of engineering here in Michigan typified
this view when he stated in 1920 that the gasoline powered vehicle would have to
be abandoned by 1940 at the latest because of a shortage of petroleum{l). The
subsequent introduction of geophysical techniques and their gradual improvement
ushered in an era of discoveries so great, however, that within a fairly short
period overproduction, not shortage, became the major problem.

The forecasts of shortage just cited were not isolated events. Competent
authorities have forecast impending scarcity almost since the inception of the oil
industry. The important point is that the threat of scarcity so stimulated research
that shortages were effectively forestalled. Furthermore, research was continuing
simultaneously on a wide variety of substitutes, which could conceivably have filled
the gap, at no dramatic increase in cost, if 0ll resources had not kept pace with
requirements. Developments in these areas have influenced utilization at least as
much as have technical improvements in the consumption of energy.

TECHNOLOGY OF PETROLEUM UTILIZATION

In reviewing present and potential utilization patterms, it is useful to begin
with the current state of consumling technology and the developments which appear
most likely to occur in the near term future. This technology enables us to make a
reasonable estimate of the demands which will be made on resources over the period
of a decade or two. Uslng our present knowledge of the nation's resources we can
then determine whether or not the demand pattern appears recasonable and, if not, we
can adjust it as necessary.

In the longer term future our abllity to predict is increasingly inaccurate,
and we do not have a clear picture today of the technology or the resources which
will be avallable more than about twenty years from now. The repeated groundless

fears of shortage in the past indicate that it is probably unwise to determine
* capital budgets, formulate research policy, or even establish national policies on
the basis of developments which are anticipated more than twenty years or so in the
future. Longer range forecasts serve to indicate potential trouble spots which
should be watched, but they do not serve as a reliable guide for policy today.

In projecting future demand patterns it is also necessary to make some
explicit or implicit assumptions about the relative prices of fuels. For the
present we shall assume that relative prices will be unchanged for the foreseeable
future. OSubsequently we shall inquire whether this assumption is reasonable or
whether there are factors which would make petroleum increasingly costly relative
to competing fuels and which would hence necessitate a modification of the projec-
tion.

Transportation

In the United States approximately 50 per cent of all the oll consumed is used
in the transportation sector. O0il has over 90 per cent of this market. Abroad,
these percentages are probably somewhat lower, but they are not radically different
from the levels prevailing in the U. S. Since oil cannot increase appreclably its
market share, its growth in this market is essentially limited to the overall growth
in the transportation sector.

There are a wide variety of technological developments which could have an
impact on the transportation market. For personal transportation, however, there
appears to be little threat to the hydrocarbon powered vehicle, at least for the
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next twenty years. Most of the devices which might compete with the gasoline-
powered piston engine are hydrocarbon engines themselves. Among these are the gas
turbine; the light-welght, high-speed diesel engine; the stratified charge engine;
the free-piston engine; the Stirling engine; and the NSU rotary combustion engine.
Based on present information, none of these engines presents a major threat to the
gasoline piston engine, although highway diesel use is growing. In the longer run,
there may be some shift toward the stratified charge and the gas turblne engine.
None of these changes, however, would seriously affect the total demand for hydro-
carbons although they might necessitate a shift away from gasoline toward wmiddle
distillates in the refining process.

It is possible that the battery or fuel cell may replace the gasoline piston
engine in a limited number of special vehicles primarily used for city driving.
The probability of this development appears quite small, however. Elther device
would require a technological breakthrough to be economic and, even if such a
breakthrough should occur, these devices probably would not capture a large segment
of the private transportation market in the foreseeable future. Furthermore, a
workable fuel cell has a reasonable probability of requiring hydrocarbons as a fuel.
For these reasons, it is not considered likely that either battery or fuel cell
powered automobiles will have a significant impact on petroleum demand for the next
twenty years although they could affect demand in the longer run.

Rallroads are another segment of the transportation market in which oil 1s
dominant. The rapidity with which the railroads conmverted to diesels following
World War II shows that significant changes can take place in short periods of time.
The major threat to oil in this market is electrification. This threat is more
potential than real for the foreseeable future, however, as substantial new elec-
trification projects probably camnot be justified in the U. S. until such time as
railroad mergers and rerouting of lines result in higher traffic density. Gas
turbines may ultimately replace diesels in some railroad applications but, in any
event, most of this market appears to be secure for hydrocarbons for at least
twenty years and probebly much longer.

.In the area of marine transportation the major threat to oil comes from nuclear
energy. Although it is unlikely that nuclear energy can compete economically with
hydrocarbon engines in the U. S. in private marine transportation over the next
twenty years, it will be of growing importance in military applications. Abroad,
introduction of nuclear energy in marine transportation will probably be inhibited
by capital limitations.

The aviation market appears quite safe for hydrocarbons in the years ahead.
The rapidity with which the gas turbine replaced the piston engine in this market
argues strongly against oil industry complacency, but the technological developments
in the offing do not appear to be of a nature to challenge oil's dominance of this
market. .

The future of oil in the 1mp6rtant transportation sector can be readily
summarized as follows:

1. Because of oil's overwhelming position in the transportation market, its
growth in this area will be largely limited by the growth of the market, partic-
ularly in the U. S, The additional volumes which will be consumed in this sector
in the U. S. will be quite large, but the annual average growth rate here will be
somewhat lower than the growth rates anticipated abroad.

2. There are no new technologlical developments in sight which seriously
threaten hydrocarbon fuels'in the transportation market in the foreseeable future.
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3. There may be shifts in demand away from gasoline toward middle distillates
in the U. S., but any such shifts are expected to be gradual and are not expected
to affect the overall demand for petroleum significantly.

Tndustry and Power Plant Use

General industry and power plant use constitute a second market for oil.
Most of the petroleum fuel supplied to this market is in the form of heavy fuel
oil. In the U. S. oil is not a major factor in this segment. It accounts for
about 7 per cent of the steam electric power plant fuel used by utilities and about
13 per cent of the manufacturers' heat and power market. In addition to these
uses, oil will be of increasing importance in specialized industrial uses. For
example, a pound of oil can displace 1.6 pounds of coke in blast furnaces with
significant savings. Ore reduction and fertilizer manufacture also represent large
potential markets for oil.

The future of o0il in the industrial markets of the U. S. is determined by
factors other than technology of utilization, however. The domestic production of
heavy fuel oil is declining as refiners continually improve their yield patterns
and it is now equal to only about one half of domestic consumption. Imports of
heavy fuel oil, which make up the balance, are limited by the Oil Imports Admin-
istration in such a manner that the total domestic supply of heavy fuel oil has
been held fairly constant since the inception of the program. It is, of course,
impossible to project with confidence the import policies of the future, but it is
clear that if the controls limit the supply to a fixed level, as they have in the
past, they will serve to prevent increased industrial oil consumption in the U. S.
as a result of either normal growth or of new technology. Furthermore, widespread
improvements in transporting coal will probably result in some further reduction in
delivered coal prices which will maeke coal more competitive. Abroad, however,
there 1s quite a different story. Oil will be increasingly important to general
industry and, for the foreseeable future, rapid expansion in the generation of
electricity will increase the demand for oil despite probable nuclear developments.
Coal costs will continue to rise in Europe and there is some hope for reducing the
punitive excise taxes levied against heavy fuel oil in much of Eurcpe today. As a
result, oil should become increasingly competitive outside the U. S.

Residential and Commercial Consumption

The residential and commercial sector is another major petroleum market.
Gas dominates the space heating component, however, and electricity is the major
factor in the alr cooling segment. Oil--largely in the form of middle distillates
-~-supplies about one third of the total energy consumed in this market.

0il's share of the space heating market is under attack by both natural gas
and electricity, particularly in multi-unit dwellings. Natural gas has accounted
. for most of the growth of this market in recent years but electricity is a growing
threat to both gas and oil. More new homes were heated by gas than electricity
last year and more were heated by electricity than by oil.

Further threats to oil's position in the residential and commercial market are
posed by research on thermoelectric heating and cooling and on gas-fired absorption
cycle combination heating-cooling units. On the other band, oil's position is being
strengthened by research on oil-fired absorption cycle units and hydrocarbon fuel
cells which can be used to supply electricity to individual residences or to groups
of consumers in limited areas.

A significant technological breakthrough would be required before any of these
potential new uses would be able to alter utilization patterns appreciably and it
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is not at all clear today what the net effect on petroleum demand is likely to be.
It is also worthwhile to note that given the assumption of adequate resources and
no significant changes in relative prices, there is no overwhelming national
urgency for conducting such research as far as civilian uses are concerned.

Total Petroleum Demand

Most students of the petroleum industry are in agreement that if there are no
unforeseen technological breakthroughs by oil or by competing forms of energy and
if relative energy prices remain essentially unchanged, petroleum demand will grow
in the United States at 2 to 3 per cent a year over the next decade or two. In
forelgn areas, where the growth potential i1s greater and where supply 1s less
likely to be directly limited by import controls, petroleum demand already exceeds
that of the U. S. and annual growth rates will be gbout twice as great as those
expected in the U. S.

ADEQUACY OF SUPPLY

) The demand projections of the previous section are predicated on the assump-
tion of no change in relative prices. If, however, petroleum resources should
prove inadequate to meet expected demand and if prices should rise, the future
demand patterns would diverge from the projected levels. It is important, there-
fore, to balance projected demand against the resources which can be made avallable
during the period in question.

If the domestic consumption of petroleum products should grow at the indicated
upper level of 3 per cent a year, total consumption would exceed 100 billion barrels
during the next twenty years. The resulting draft on domestic resources would
depend on the administration of the import control program and the amount of natural
gas liquids produced, but it is not unreasonable to assume that the projected demand
pattern implies the production of 70 to 80 billion barrels of domestic crude. oil
during the next two decades. The domestic industry had not produced quite this much
oil after the first century of its existence. Is it likely that it can produce this
huge quantity in the next twenty years or are the pessimists, who feel this 1s an
impossible burden, correct? Even if it is physically possible to produce this
volume, can it be done at competitive prices? Given the assumption of an unchanged
import program, these questions must be answered in the affirmative i1f the preceding
demand proJection is to be accepted.

One's answer to these questions depends on his estimate of the petroleum
content of known petroleum reservoirs and those to be discovered during the forecast
period, on the quality of these reservoirs and om future developments in techniques
of production. : ‘

One highly competent authority has estimated that the domestic industry can
develop at least 70 billion barrels of reserves in the next two decades from fields
which have already been found and from fields which will be found on acreage which
is already partially explored and is currently under lease(l4). I see no reason to
challenge this view. It must also be kept in mind that the nation's potentially
productive sediments are far from explored. Another authority has estimated that
less than one fifth of the nation's potentially productive sediments have been
explored with any degree of thoroughness(6).

It would be most unwise to write off in advance these unexplored sediments as
unproductive. Many potentially productive areas have been subject to little if any
reconnaissance exploration. Furthermore, the sensitivity of our existing explor-
atory tools is such that we are frequently unable to locate valuable deposits by
surface efforts alone. In particular, we are generally unable to locate strat-
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igraphic traps through such surface efforts and some of the world's largest known
fields have been found in such traps. As we extend our efforts to the largely
unexplored areas, as we gather additional information through drilling in all areas,
and as we continually improve the accuracy of our geophysical equipment it is almost
inevitable that we shall discover additional large volumes of oil. Furthermore,
there is every reason to believe that we shall be able to continue the long evident
trend of increasing recovery of oil in place.

There is thus no convincing evidence that a physical scarcity of resources will
inhibit petroleum production in the foreseeable future. O0il whose presence is
. already known or whose existence may be logically inferred is adequate for twenty
years of consumption. In addition much more oil, whose existence can only be con-~
Jectured today, will undoubtedly be found or made available through improved
recovery. To the extent that such oil becomes available, the period when physical
scarcity will begin to inhibit consumption will be deferred into the unascertainable
future.

The oil shale deposits in the U. S. and the tar sands in Canada provide further
assurance that resources will not be a limiting factor on petroleum utilization in
the foreseeable future. ©WNot only are these resources immense in terms of oil in
place, but large volumes of oil can probably be produced from them profitably at
prices which are nearly coumpetitive with crude oil.

Resources outside the U. S. are even more plentiful relative to demand than in
the U. S. Thus there is less likelihood of shortage abroad than in the U. S.
Furthermore, the discussion of U. S. resource adequacy assumed continuation of
import regulations similar to those in effect today. If for some reason o0il should
not be found in anticipated volumes in this nation, import controls could be relaxed.
Total free world resources are undoubtedly quite adequate to meet all anticipated
demands over the foreseeable future.

Although resources in total may not serve to limit utilization it is possible
that exploitation of increasingly inferior resources in certain areas such as .the
" U. S. could lead to rising costs which would, in turn, inhibit demand in those areas.

In the U. S., for example, there has been a clearly discernible pattern of
drilling to greater depth and moving toward less accessible deposits--notably those
under the Gulf of Mexico and the West Coast offshore. Thus, it might be presumed
that increasing costs of production might soon lead to higher prices which would
be a limiting factor on utilization even if physical presence of resources were not
an applicable constraint.

Although the hypothesis of increasing unit costs resul ting from depletion of
the more economical resources appears reasonable on the surface, an important
recent study by Resources for the Future casts serious doubt on its validity(2).
Iwproved technology in exploration and production have, according to this study,
more than offset those factors which otherwise would have led to rising costs.
There is no evidence of a reversal in this trend as of today and no logical reason
to posit one in the foreseeable future. Accordingly, it appears likely from what
" we know today that petroleum prices will not rise relative to all other prices in
the forecast period. This conclusion is reinforced by the fact that shale oil
would probably come into production gquite rapidly were crude oil prices to rise
appreciably. Thus the magnitude of our crude oil resource base combined with
potential competition from shale oil and other fuels will quite probably serve to
keep crude oil prices from rising appreciably in the U. S.

One potential threat to oll markets--and a further safety factor for hydro-
carbon consumers--is the production of liquid fuels from coal. Research is
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currently underway to develop economical techniques for producing such fuels from
coal. To the extent that this research is successful it will, of course, reduce
the demand for crude oil. There have been some interesting recent developments in
coal liquefaction but, nevertheless, at present there is no convincing evidence
that coal will displace any significant volume of petroleum in the liquid fuels
market. This view is apparently fairly widespread since very few companies believe
such research is sufficiently attractive to warrant the use of their own funds and
the bulk of the work being done in this area is under Federal contract. Coal
liquefaction is an interesting speculation but, given the information available
today, it does not appear to pose a real threat to oil in the foreseeable future.
Furthermore, if adequate supplies of all fuels will be forthcoming at no significant
change in real prices over the foreseeable future, then there is little, if any,
economic Jjustification for federally sponsored research in this area.

CONCLUSIONS

The demand for petroleum products in the U. S. will probably grow at a rate of
2 or 3 per cent a year. Abroad, the annual growth rate will be perhaps twice as
great as the rate in the U, S. Resources will not be a limiting factor either in
the U. S. or the free world and there should be no significant shift in relative
fuel prices in the foreseeable future.

It is unlikely that oil demand will be increased appreciably in the U. S.
through research in utilization. Research on improved exploratory and productive
techniques will probably have a greater influence on domestic oil demand than will
research on oil utilization. Research on new uses is likely to have a much
stronger influence on foreign utilization, however, than is the case within the
U. S. The changes in oil utilization which gppear most probable will not alter the -
growth rate of oil demand in the U. S. so much as its composition.

Finally, some research is being conducted today on the supposition that crude
oil is in limited supply and hence that refined product prices are likely to rise
in the near future relative to prices of competing fuels. Those undertaking
research on these grounds are likely to be disappointed just as they have been in
the past. Such research may represent an interesting speculation, but there is no
overwhelming national urgency or profit incentive to develop substitutes for crude
oil and its products.
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Gas Utilization Today and in the Future
Daniel Parson

Northern Illinois Gas Company, Aurora, Illinois

Before beginning this discussion on the utilization of gas, let me provide
some brief background on the present status of gas in the Nation's aggregate
eénergy requirements. Subsequently, we will examine the future of gas utilization,
some of the economic problems associated with this industry, and some challenges to
research and technology within the industry.

The gas industry had its infancy in the early nineteenth century with the first
limited distribution of low Btu gases manufactured from coal. As recently as 1940,
nearly 60 percent of the industry's customers were still dependent either upon
manufactured gases (from coal or oil) or mixtures of manufactured and natural gas.
To be sure, substantial portions of the country had been using natural gas for many
years before this, where the gas was produced more or less locally. However, the
rapid growth of the gas industry, and the major extension of natural gas availability
to all portions of the Nation which facilitated this growth, was initiated in 1931
with the construction of Natural Gas Pipeline Company from Texas and Oklahoma to the
Chicago area. It accelerated substantially in subsequent years as the availability
of high-strength steel pipe and effective welding techniques made long-distance
transportation of natural gas economically and physically feasible.

Until after World War II, supplies of natural gas available for delivery
substantially exceeded the ability of the pipeline network to market the gas. It
was a buyer's market and natural gas in the field was sold, freqently as a by-product
of 0il production and under incremental pricing theories, at prices which in
retrospect appear extremely low. Immediately after World War II, coal and oil prices
rose substantially and suddenly natural gas became the cheapest scurce of energy for
a multitude of purposes, in most parts of the country. Pipeline construction
accelerated markedly, and transmission lines were built to virtually every corner
of the country. The additional requirements created by these new pipelines affected
the supply-demand relationship substantially. Producers soon realized that they no
longer were marketing a troublesome and relatively undesirable by-product for which
they would accept almost any price, but were the proud possessors of an extremely
desirable commodity of substantial value, The average price of natural gas in the
field rose from 4.9 cents in 1945 to 10.4 cents in 1955. In my own opinion, this is
in the best American tradition, that a product available in limited supply should
bring'increasingly higher prices as the demand increases, This is the surest way
to encourage the introduction of new producers, thus increasing the available supply,
and bringing the price down. Since 1961, the average price of natural gas in the
field has indeed 'stabilized, although whether this is primarily attributable to the
forces of economics, or because of regulatory actions of the Federal Government is
a question I shall not discuss here. And, at the present time, over 98 percent of
the gas distributed by utilities in the United States is pure natural gas.

Let us now discuss the components of this nation-wide demand for natural gas—-
the different types of consumers, and different types of applications. In the field
of heating, the growth has been phenomenal. The total number of residential customers
using natural gas for heating their homes has risen from 7.4 million in 1949 to
24.0 million in 1963. These totals exclude substantial numbers of families in multi-
family structures where gas is used in central heating systems, and exclude signifi-
cant numbers of households using liquefied petroleum gas for heating in areas beyond
gas utility mains. The gas companies have been adding between one million and one
and one-fourth million new residential heating customers each year for the past five
years, and anticipate a ccntinuation of this growth rate in the foreseeable future,
In the preponderance of the Nation, natural gas is the cheapest heating fuel, not
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only for residential customers, but also for commercial and industrial establishments,
to say nothing of its other desirable attributes. In our service area in nor thern
Illinois, for instance, natural gas for residential use costs 35 percent less than
0il, 15 percent less than coal, and 70 percent less than electric heating. These
favorable economic circumstances are not unusual, and we expect that they will
continue to prevail in the future. Ninety-nine percent of the new homes in our
service area install gas heating in areas within reach of our mains, and we try
vigorously to reach almost everyone.

In the residential market, basic household gas appliances have also shown marked
growth, although not at the same rate as heating. For example, Chart 1 shows the
growth of gas cooking as reported in the various United States Censuses of Housing. A
If Census data were available for years prior to 1960 for water heating, an even ‘
mor e rapid growth would be apparent. These growth rates have been lower than that
for heating for one significant reason. To a major extent for cooking and clothes
drying, and to a lesser extent for water heating, operating cost is not a crucial
factor in consumer fuel decisions during decades of ever-higher economic activity. .
Annual operating costs are relatively small regardless of the fuel used, because of
the modest energy requirements of these applications. Accordingly, although gas is
the least costly form of energy, it must also compete in terms of qualitative and
sub jective features associated with the respective appliance. Some of our competitors a
produce attractive and well-designed equipment, and advertise it nationally on a ’
massive scale. We welcome this kind of spirited competition, and we are confident
that we will more than hold our own in the residential appliance market of the future.

The growth in commercial use of gas for non-heating applications has also been
very substantial. Cost factors are important to a commercial establishment, which
is more concerned with its own profit and loss than with advertising messages and
sub jective evaluation. Surveys done at periodic intervals among the best restaurants
throughout the Nation confirm an overwhelming and consistent use of gas for cooking
in excess of 90 percent. Further favorable evidence is available from the acceptance
of gas at the New York World's Fair where gas is being used for 80 percent of the
cooling, 90 percent of the heating and water heating, and 99 percent of the cooking.
For all commercial sales by gas utilities, the compound annual growth rate in the
past ten years has been 8.6 percent.

In the field of industrial processing applications, gas has also enjoyed rapid
growth., The cost advantages enjoyed by natural gas are supplemented by other
impor tant considerations within the plant, such as ease of control, evenness and
‘quality of heating, and dependability of supply. Industrial gas sales by utilities,
including all applications of gas in such establishments, have shown an annual -
average growth rate of slightly over 6 percent. I do not anticipate any deceleration
in this rate in the foreseeable future, unless industrial expansion declines markedly.

The story is somewhat different for air cooling. In the residential market, the
operating cost advantages of natural gas have so far been more than offset by higher
equipment costs. (ur progress in gaining widespread acceptance and use has therefore
been disappointingly slow., Substantial research is being devoted to this problem,
and within the next few years we anticipate that several additional prominent
appliance -manufacturers will be marketing more efficient and less expensive residen- .
tial air conditioning equipment using natural gas. This will enable our industry
to obtain a substantial, if not major, share of this rapidly growing market. In
commercial and industrial air conditioning applications, this problem is relatively
minor. Many gas companies are competing favorably in both operating cost and
equipment cost, and are obtaining substantial portions ‘of the market with direct
absorption equipment, gas-fired engines, and large-volume steam absorption units.
We expect to improve our position even further in these markets in the future,
partially through the concept of on-site total energy generation,

Significant consumer interest is already beihg expressed in the relatively -
new concept of on-site total energy generation, using natural gas in engines or
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turbines. In these applications the engine or turbine produces the required
electricity on the customer’'s premises, and the waste heat is employed for heating,
air conditioning, and hot water heating. Such installations are completely
dependable, and offer important cost savings to consumers who have relatively

level load requirements throughout the year. They are generally not feasible for

a customer whose electric load fluctuates widely, because of the capital costs of
equipment needed only to meet infrequent peaks. Under proper conditions they
achieve total system efficiencies significantly in excess of 60 percent. Our new
General Office building, nine miles northeast of Aurora, Illinois, has been
successfully using this concept for over a year and a half, and is demonstrating
dramatically what such installations can achieve for customers. (ur market analyses
indicate a very substantial potential for such applications, which we intend to
exploit fully,

In the future, our industry will be selling fuel cells. These will convert
natural gas directly to electricity, silently, efficiently, and reliably, on the
premises of the customer. They will be designed primarily for residential and
other small users, where engines are not applicable. Substantial funds are being
spent, both by the gas industry and by individual manufacturers and research
organizations, to hasten the day when such fuel cells will be widely available.
We look forward with eager anticipation to the day when no customer, residential,
commercial, or industrial, will require any form of energy.on his premises other
than that supplied through a gas line.

) Perhaps the best way of summarizing the aggregate growth of natural gas in
the Nation's economy is to provide a chart showing the increases in total energy
used in the United States, and the way in which natural gas has contributed to
those increases. I have taken the liberty of appending to the historical data a
few projections of my own which I regard as "conservatively realistic." 1In 1940,
natural gas provided 11.4 percent of the total; in 1950 it was 18.0 percent; in
1963 it was 29.7 percent; and in 1970 it will provide 32.3 percent.

Continued growth in demand for natural gas obviously raises the question of
adequacy of future supply. Many experts have attempted to develop reasonable
estimates of total future supplies of natural gas in the United States. I emphasize
that they must be estimates, because no one can yet scientifically determine how
much gas may exist in a given place and at a given depth before that place has been
located and adequate drilling has occurred. The estimates of these experts have
ranged between 600 trillion cubic feet and 1,800 trillion cubic feet, with recent
estimates generally in the upper range. Even at the midpoint of this scale, some
relatively simple arithmetic indicates that supplies will be completely adequate for
a considerable number of decades.- And we are not limited exclusively to the natural
gas which will be found within the limits of the contiguous forty-eight states.

Very substantial additional quantities of natural gas will be available to the U.S.
by conventional pipeline importation from Canada and Mexico. Less significant,

but still important, quantities will be available from tanker shipments in liquefied
form from overseas points, Many nations produce large quantities of crude oil,
which finds a ready market, and also produce substantial amounts of natural gas with
limited local requirements. The development of fleets of refrigerated tankers to
transport liquefied natural.gas is inevitable, so that natural gas now being wasted
in some nations can be effectively and economically delivered to market. For those
areas with excess supplies of natural gas which are not too remote from large over-
seas markets, long-distance under-water pipelines anchored to the ocean floor will
become feasible. Such a line across the Mediterranean from Algeria to Southern
Europe, has already been discussed.

As a fur ther supplement to natural gas supplies in the United States, we have
highly favorable prospects of manufacturing synthetic methane from o0il shales, low-
grade bituminous coal deposits, lignite, and tar sands. Substantial industry funds
have been spent.in recent years in researching the processes necessary for such’
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conversion, including the development of small-scale pilot plants. Recently, plans
were announced by several Gas Boards in Great Britain to produce a synthetic, high
Btu gas from refined petroleum products (primarily naphtha) at a price per therm
which even today, before further research, is within hailing distance of natural
gas prices in the U.S.

To date, importation of liquefied natural gas and production of synthetic
natural gas have not occurred in the United States because they cost more than
naturally-occurring methane. However, two factors will gradually eliminate this
economic differential. Natural gas (in common with all other mineral and energy
resources) will gradually increase in price, as demand increases and natural supplies
diminish. The synthetic product, or the natural product from unusual sources, will
gradually decline in price as technology improves the applicable manufacturing or
marketing processes.

Now that I have reviewed the magnitude of the markets and the adequacy of
supplies to meet those demands, let me turn to the economics of utilization. In
the first place, I believe that utilization (or sales) is the essential factor in
any industry. Unless a product is eventually used and a profit derived, all else
is meaningless. The factor which determines the utilization.of any given product
is its overall economics, both tc the manufacturer and/or distributor, and to the
consumer. Costs at all levels, farresearch, production, and marketing, ohviously
affect consumer economics.

Let me start at the beginning, and discuss some of the economic characteristics
of natural gas exploration. This activity is obviously necessary to locate new
sources which will replace gas being produced and used, and thus maintain adequate
supplies and deliverability for future demands. Exploration for .natural gas (or .
crude o0il) is financially hazardous; among those wells drilled in completely new
areas (wildcats), only one in ten finds commercial deposits of gas or oil, and
only about one in one hundred proves profitable, in spite of all the research on
techniques for identifying likely production sites. News accounts often discuss
those who have struck-it rich, but no one hears about the hundreds of people who
have. 1lost their investments completely. The hazards of this business emphasize
the need, for the good of the country, to provide adequate incentives to those
who risk their money in exploratory activities, and I shall return to this point
shortly. Also remember that a disproportionately large percentage of exploration
is under taken by individuals and small independent operators, rather than the
giant, integrated o0il companies who might be able to spread their risks more
effectively. Furthermore, exploration is becoming more costly rather than less,
because of increasing concentration on offshore areas and deeper horizons where
the possible rewards may be greater, but where drilling costs per foot are very much
higher. It is almost axiomatic in any extractive industry that the shallower and
more accessible deposits will be found sooner, and that as the industry matures it
requires more ingenuity and technological progress to maintain the pace of new
discoveries,

Production of natural gas entails a wide variety of complex economic problems,
No one knows how much it costs to locate and produce a unit of natural gas. In the
exploration phase, it is usually extremely difficult to know whether you will find
gas or oil or both if successful; and impossible to know if the hole will be dry
or productive before you start drilling. For the 90 percent of exploration which
is unsuccessful, how shall the cost be apportioned between gas and oil, remembering
that unsuccessful exploration is an integral part of the search to develop new
sources of natural gas. For a producing well, where both gas and oil are obtained,
how shall the operating costs be allocated between the two products. The Federal
Power Commission has been struggling with these basic problems for substantially
more than five years in their attempts to regulate the price of natural gas at the
wellhead, as the Supreme Court required after the famous Phillips Petroleum decision
of 1954. On cost allocations, I don't think they are much closer to a defensible
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and economically justifiable answer than they were five years ago. An alternative
is to ignore cost allocations and cost determination, and set a price for natural
gas at the wellhead based on its value as determined by arm's-length negotiation
between producer and purchaser. This is the so-called commodity value concept,
which the Federal Power Commission has not as yet adopted, preferring instead to
explore the cost determination procedure.

Another policy matter involving economic theory is the depletion concept.
When a producer sells natural gas he is selling his asset, and part of the price
he gets is a return of capital rather than a return on capital. Under our tax laws,
the latter is taxable, but the former is not. Contrary to some impressions, depletion
is ‘not unique to natural gas and crude oil. The rates may vary, but depletion is
available to the smallest property owner growing evergreens for Christmas trees on
his property, and to the largest industrial corporation extracting any kind of
mineral. Another economic problem is the maintenance of relatively even rates of
flow from natural gas wells, to maximize ultimate recovery of the resource in spite
of substantial seasonal load variations at the consumer level. Producers have
attempted to protect themselves against this problem by institution of take-or-pay
provisions in their sales contracts; I shall refer again to this concept when I
discuss the economic problems of pipelines.

It should be kept in mind that, to some extent, producers of natural gas have
the alternative of selling their product in intrastate commerce, which would free
them of the Federal regulatory problems I have discussed. There are substantial
intrastate markets for natural gas, consisting of petrochemical plants, other
industrial establishments, electric power generation, and local natural gas
distributors., When available supplies significantly exceeded interstate market
demands, these intrastate markets were insufficient to offer an effective alternative.
Now that supply and demand have become more nearly balanced, 'excess' supplies have
become substantially lower, and intrastate markets have grown substantially, these
intrastate markets may assume greater relative importance as an effective alternative
for the producer, Such a condition could deprive markets in consuming states located
at some distance from producing areas of their needed incremental supplies, unless
these economic factors are effectively recognized by regulatory bodies.

The transportation or pipeline segment has some of its own unique economic
problems. As alluded to previously, .they are faced with take-or-pay provisions in
their gas purchase ccntracts. This means that they must accept some relatively high
percentage of the maximum amount of gas available to them, on each and every day of
the year, or pay for it anyway. To protect themselves against such provisions, the
pipelines generally impose comparable take-or-pay provisions on their distributing
utility customers. Pipeline rates almost universally contain two components. The
demand charge is a fixed obligation on the customers of the pipeline, to pay a
specific amount each month to cover the fixed costs of providing a definite amount
of daily capacity for the individual customer. The commodity charge, which varies
directly with the quantity of gas sold to the customer, is intended to cover variable
costs attributable to volumes transported., The most common take-or-pay provision in
pipeline contracts with distributors is that the distributor must take or pay for
75 percent of the maximum amount to which he is entitled each month (daily contract
amount times the number of days in the month times the commodity charge). At least
one pipeline company is currently attempting to lessen the impact of its take-or-pay
provisions in purchase contracts with producers, by developing potential underground
storage fields near the producing area. This would permit them to purchase gas
from the producers at a relatively even daily rate, and to vary their deliveries
to distribution company customers, depending upon market demands, by injections and

_withdrawals from their own storage field.
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Although the demand charge paid by distributors to the pipeline is intended
to cover the fixed costs of the pipeline, it does not accomplish this objective
under current regulatory practice. Under the so-called Seaboard Formula, the
Federal Power Commission allocated 50 percent of fixed charges to demand and
50 percent to commodity, and all of the variable charges to commodity. This
policy penalized distribution companies with high load factors, and rewarded those
with poor load factors. This phenomenon is demonstrated in Chart 3, I shall not
take the time to explain the philosophy under which the Federal Power Commission
has employed this allocation method, with its inherent deviation from proper
economic principles. Happily, they are currently showing signs of reversing their
direction partially, and reverting to a more realistic economic interpretation of
cost causation. '

Another interesting characteristic of many regulatory agencies is the retention
of original cost as the basis for determining allowable return (or earnings). In
such cases, no recognition is generally accorded to inflation, replacement cost, or
market value of facilities. The pipelines and utilities are permitted to earn a
specified percentage of their depreciated original property cost. There are many
other ramifications of how this so-called "rate base" is determined, and another
equally lengthy paper could be readily written on this subject.

As gas demands continue to grow, particularly in built-up residential and com-
mercial areas, it will be far more practical and economical for utilities to increase
operating pressures rather than construct numerous new distributing lines. This will
require pipelines to increase their operating pressures to the extent possible,
through addition of substantial compressor facilities, Already some pipelines are
giving serious attention to this forthcoming problem, I should remind you that
underground pipeline transportation of natural gas is one of the most efficient and
least expensive methods of energy transportation yet devised. Natural gas pipelines
transport 10 percent of the Nation's aggregate inter-city tonnage of freight move-
ments, compared with 20 percent for the entire trucking industry.

The last branch of the gas industry is the one with which I am most personally
familiar--the distribution companies. OCne principal problem is load factor, defined
as the ratio between average daily requirements and peak day requirements. In the
climatic conditions prevailing in my company's service area, this ratio is 26 percent
for residential heating; a residential heating customer uses four times as much gas
on the coldest winter day as his average daily use. With the substantial growth
in gas heating described previously, this means that distribution companies have
substantially lower summer gas requirements than in winter., Unless some method
is employed to use this unrequired summer gas profitably, since they must pay fixed
demand charges to the pipeline throughout the year, the financial picture of most
gas distributors suffers substantially., There are three general approaches to this
problem. First, we try to sell gas on a firm basis for applications which have
their greatest requirement in the summer, such as air conditioning and swimming
pool heating. Unfortunately, this is generally only a very partial answer at
present. Secondly, many companies, including my own, have developed underground
storage facilities near their markets, into which we inject gas in the summer and
withdraw it in the winter to meet the peak reguirements. This serves the dual
purpose of permitting us to take summer gas from the pipeline at high load factors,

- and to meet winter peaks without committing ourselves to substantial new increments
of pipeline flow gas with additional fixed demand payments and take-or-pay provisions.

The third alternative is to sell gas to large commercial and industrial
establishments on an interruptible or off-peak basis, Such customers utilize coal,
oil, propane, or other alternatives when they are interrupted and cannot have natural
gas. Since our payments to the pipelines under the demand component of the rate are
fixed, the only measurable incremental cost of gas for supplying these customers is
the commodity cost. Any revenue obtained from such customers over and above the
commodity cost of the gas which they use represents a contribution to pre-tax earnings.
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Interruptible and off-peak gas is generally sold in vigorous price competition with
other fuels. If regulatcry policy followed economic principles, and assigned cnly
variable costs to the commodity component of pipeline rates, the commodity charges
would bé lower, and our competitive position in this market would be improved, Let
me emphasize clearly that our company sells gas to interruptible users only when
excess gas is available for which no more desirable alternative exists, and the

daily amounts of gas for which we contract with our pipeline suppliers are determined
exclusively by the demands of year-round customers.

For distributing companies, operating costs can also be distinguished between
fixed and variable components, Certain costs are constant regardless of the amount
of gas used by the customers. Cther costs are variable depending upon customer
usage. This is the economic justification for the typical block rates used by gas
utilities, under which large users earn progressively lower charges per unit of
consumption., Unfortunately, in many parts of the country the differential levels
of these various blocks cannot reflect realistically the proper application of
economic and cost principles. To do so would require the imposition of substanfially
higher charges in the initial block of consumption, and require higher minimum bills
per month, than is ordinarily palatable for regulatory bodies sensitive to the social
pressures of the vast numbers of small users.

Much regulatory attention, but little action so far, is also being accorded to
the question of managerial efficiency. Presumably, a utility which is efficient in
providing superior service at low costs to the maximum number of potential customers
should be entitled to higher earnings (rate of return times rate base) than a
company which fulfills these desirable objectives less satisfactorily. I hope and
anticipate that this concept will be more generally recogn1zed and employed in
regulatory decisions in the future.

Another significant economic problem for many gas distributing companies is the .
impact of inflation upon their investments, where state regulatory commissions still
employ original cost for a past period as the basis for determining allowable
earnings for the future. The trends toward suburbanization and less dense customer
concentration, combined with higher unit investment costs because of inflation, have
generally increased the average investment per customer of gas companies. This
necessitated (until relatively recently) relatively frequent rate increases to
consumers. The best solution to this problem is vigorous and effective sales
promotion to increase the amounts of gas used by each customer, so that the higher
investments will be utilized more fully throughout the year, thus providing more
satisfactory contributions to earnings.

What are the challenges to research and technology in the economic problems
of the gas industry? What research advances will improve the industry’'s efficiency,
offer greater economies to consumers, and provide more effective resource utilization
for the entire Nation?

Let me start again with exploration and production. At present, we can, through
seismological, geological and geophysical procedures, locate presumably favorable
underground structures, but we can not tell (other than by drilling an expensive
hole) whether there will be hydrocarbon accumulations encountered. Research is
continuing using geochemical approaches, and some experiments with laser beams, but
it would be a massive step forward if a method existed to determine whether there
were indeed hydrocarbons located many thousand feet beneath the earth's surface.

Technological improvements are continually needed on drilling techniques and

:  well completion methods, as exploration goes deeper, Exploration increasingly

involves wells 20,000 feet deep or more. At such depths, we need greater strength

in drill pipe, more efficient and longer-lasting bits, and cement which will not

set too quickly and with sufficient permanent strength at high temperatures (4000+),
The entire science of mud formulation is amenable to further research and technological
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advance. Mud serves three basic purposes: it lubricates and cools the drill bit,
it removes pieces of ground-up rock formation from the hole, and it seals off any
formations through which drilling has penetrated. In many formations, existing
muds do not always satisfactorily perform these three functions. More efficient
means of fracturing formations are needed, to facilitate extraction of hydrocarbons
without damaging the rock structure.

It appears that foreseeable advances in gas transportation are largely problems
of extending existing technology, rather than developing new techniques or conducting
additional research., It is likely that larger diameter line pipe (perhaps 42" or
48") might be desirable. More likely is the probability of using existing pipe
sizes at higher pressures, which may require higher strength steels and more
efficient compressors. The use of gas turbines for compressor stations, now
becoming increasingly common, may be an answer to one part of this problem. There
will also be considerable extension of the concept of complete automation of long-
distance pipeline systems, with electronic data gathering and controls at one
central point, automatically correcting pressures and gas movements for varying
load conditions at any point along the line.

In the field of gas distribution and customer utilization, there are many
areas where research will be important. .Much remains to be done in developing
more effective and less costly techniques for synthesizing natural gas from coal,
0il shale, tar sands and other materials., The development of reliable and marketable
fuel cells, to convert natural gas directly into electricity on residential premises,
is still in its infancy, and major new advances are anticipated. The future will
undoubtedly provide us with new types of plastic pipe with extremely long life,
inexpensive installation, freedom from corrosion and chemical attack, and able to
withstand intermediate, or even high, pressures., The development of more efficient
thermoelectric corrosion prevention techniques for steel pipe is needed. :

More research is required to develop residential absorption gas air conditioning
with greater efficiency and lower first cost. This may possibly involve the devel-
opment of better chemical systems than the present lithium bromide medium. Greater
combustion efficiency in residential applicances, particularly gas furnaces, would

" be a-major step forward in true conservation of a vital natural resource. Gas
furnaces which now operate at 75 percent efficiency are the most efficient overall
way of heating homes, but if they operated at 85 percent it would significantly
extend the life of our available natural gas reserves, More research is needed on
thermoelectric devices to convert the waste heat of furnaces directly into electric
power to operate the fans and blowers on warm air systems, so they may be independent
of outside electric power and be free of outages during storms or catastrophe.

Fur ther advances will occur in developing less costly gas engines and turbines,
and in providing more efficient automatic instrumentation and control panels for
such units. Initial experimentation is already being conducted on remote meter
reading using telephone lines, but I foresee further advances, possibly using radio
transmitters and receivers in gas company patrol cars driving through neighborhoods.

1 hope I have provided you a reasonably comprehensive picture of the current and
future status of gas utilization in the United States, and of some of the economic
problems affecting all phases of the industry from wellhead to consumer. 1 also trust
that some of the challenges to research and technology which I have mentioned will
excite your imagination., We need the assistance of all types of scientists throughout
the country so that, in the consumer interest, we can improve the performance and
efficiency, and lower the costs, of our Nation's fifth largest industry, the natural
gas industry.
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Number (0Q00's)

1940

1950

1960

Percent

1940

1950

1960

Chart 1

Gas(a)

17,026
25,502

33,730

49
60

64

(a) Includes bottled gas.

Source:

Cooking Fuel in the U.S., 1940-1960

1960 U.S. Ceunsus of Housing

Gther or Total Occupied
None Dwelling Units
17,828 34,854
17,324 42,826
19,082 52,812
51 100
40 100
36 100
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Chart 3

Effect of Two-Part Rates and Seaboard
Formula on Average Cost of Gas

Assume a fictitious pipeline with:

maximum daily capacity of 2,000,000 MCF
annual sales of 500,000,000 MCF

fixed costs of $80,000,000

variable costs of $70,000,000

"True Economic' Rate

$3.333/MCF/mo. demand
plus 14.0¢/MCF ~ commodi ty

Assume two distributing utility customers with:

A

200,000 MCF/day demand
90% load factor

"True Economic' Rate

""Seaboard' Rate

$1.667/MCE/mo.
plus 22,0¢/MCF

B

200,000 MCF/day demand
50% load factor

$ 8,000.000

Demand
9,184,000 Commodi ty
$17,184,000 .Total Cost
65,600,000 Total Purchases
26.15 ¢/MCF
""Seaboard" Rate
$ 4,000,000 Demand
14,432,000 Commodity
§18,432,000 Total Cost
65,600,000 Total Purchases
28.15 ¢/MCF :

$ 8,000,000

5,096,000
$13,096,000
36,400,000

35.95

$ 4,000,000
8,008,000
$12,008,000
36,400,000
33.00
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ECONOMICS OF THE UTILIZATION OF ELECTRICITY
R. F. COOK

WESTINGHOUSE ELECTRIC CORPORATICN, EAST PITTSBURGH, PENNSYLVAKIA

Blectricity is & nighly. sopnisticated
Once produce:d, usua

and. sowmewhat abstract form of energy.
v Tfrom some source of thermal enerpy, electricity exists but
a Traction of 2 second before being consumed in uwseful work. About 35 to 40 per-
cent of the orisinal thermal energy reaches the uliimate consumer. Taking com-
petitive adventase of this situation, gas and oil interests are currently pro-
moting the concedt of delivery of eneryy in Tossil fTuel Torm to the consuner,
witi on-site conversion to electrical enerzy. dJudicious use of thermal energy,
normally wasted in the conversion process, permits overall theoretical efficien-
cies epproaching DO percent. The user of energy must therefore decide not only
what forvi oF eneryy to use at the point or utilization, bub, if the choice is
electricity, whetier To purchase it directly or to produce it himselfl.

The chioice of electricity at the point of utilization is mandatory for those
devices that demend on the peculiar characteristics of eleciricity, such as elec-
tronic devices ani clocks. Blectricity may be chosen simply because building a
fire is not convenient for such Jevices as toasters, irons, smell motors and
interior hts. Economics wmay dictate the choice of electricity or other energy
sources For heatin: ani cooling Aevices and larze rotational loeds.

Convenience, cs well as economics, Alctates that electricity be purchased
for users of relatively small quantities of energy such as residences and small
commercial establishments. For large users of energy, sucihi as industrial plants
and some large buildings, economics is the over-riiing criterion for deciding
whether to purchase electricity or to generate it locally.

.The remzinder of this paper is devoted to two presently important areas of
eneryy source competition: first, the economics of local generation instead of
purchased eleciricity for commercial buildings, and second, the utilization of
electricity for enviromment conditioning.

ISOLATED GENERATION ECONOMICS

An isolated zeneration system currently being promoted for energy supply to
commercial buildings consists of zas turbine or natural gas engine generation
conibined with & weans of waste heal recovery. The zeneration supplies lighting,
motor, and other miscellaneous electric equipment. The waste heat recovery
equipnent supplies various thermal requirementé such as hot water,heating and
steam absorption refriperation machines for air conditioning. The economics will
favor isolated generation only if the enersy cost saving afforded by the isolated
ceneration system, compared to conventional energy supply, more than offsets the
additional capitel expenditures required for the isolated generating and waste
heat recovery equipment. The following economic analysis was performed in order
to obtain a rough evaluation of the isclated generation concept.

A 64,000 square foot office building was selected for study to represent an
average size office building requiring a typical rating of .an isolated generation
plant. Twelve mzjor cities scattered throughout the United States were studied
in order to represent different climates and relative rates for electricity and
gas. The simple gas turbine system was selected because this system 1s being
promoted at the present time as having the greatest long-range potential.

Por each of the twelve cities, the two basic methods of energy supply which
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surierized as follows:

ic utility suwoplyi basic electric loads anl electric
ation machines Tor air conditioning. Gas wbility supply-
ving boller vhich produces steam for heating, hot water, and

Vc“ll»noou uses.

Gas utility supplying sas turbine generator units,

] : supply electricity Tor the vasic electyic loads, and,
throush a veste heat boiler, supply steam Tor heating, hot water, steam
ebsorntion welrizeration wachines Tor ailr conditioning, and other
rmiscellancous uses. All electric loaus are supplied at & Trequency of
60 c.p.s.

The 2] generation systen consisi
senerator sets with 2o third set used as a spa
cycles per seconil. Bach turbine generator s
follovin; conditions: sea level, 70° 7. inle
weter inlet pressure loss, and Eluht inches of

two normally operating turbine
] Generating frequency is 60
et is rated at 254 KW with the

t air temperature, two inches of
rater exhaust pressure loss.

Ener;y Cost Anclises

ok

All of the eneryy cost analyses were wade using a special digital computer
nrogram developed for that purpose.l - A simplified logic flow diagram of the com-
puter progran 1s shown in Figure 1. The program synthesizes the hourly steam and

electrical loads in the building based on hourly schedules of building usages,
building phaysicel characteristics, hourly solear angles and radiation intensities
and. complete hourly weather data Tor each of the cities. The weather date is
available in cerd or magnetic tape form from the United States Weather Records
Center. Once the hourly loads are synthesized, the program simulates the opera-
tion of the conve: nal or on-site enerpzy supply system in order to calculate
nourly input enerzy requirements. The last step in the progran is to apply spe-
cific utility rate schedules to the input energy requirements in order to deter-
mine monthly enewrrr costs. This progrem is coded for use on an I.B.M. (Intet-
national Business Lachwnes) 7094 digital computer.

Annuval Owning and Operatving Costs

Additional equipment required for the isolated energy supply system is
listed in Table 1. Tvo sets of cost fipures are included: present prices based
on current price estimates, and predicted prices hased on the isolated generating
concept achieving sufficient acceptance to result in high volume production of
the pas turbines.

The annual costs of the capital expenditures required by the isolated genera-
tion system are hased on a capital recovery Tactor orf 8.7 percent which, in turn,
is based on an amortization period of 20 years and a return of six percent on the
undepreciated investment. An additional 2.5 percent is included Tor texes and
insurance. Thus.the annual Tixed charze rate is 11.2 percent.

e total annual ovming and operating cost, excluding fuel, of the isolated
system is the sum o7 the Tixed cherges and the maintenance costs, as listed in
Table 2. Tais cost i3 then to be compared with the saving. in energy cost asso-
ciated with the on-site system. '

Economic Resultis

The results of this economic analysis are shown graphically by Figure 2.
The bar graphs represent the saving in annual Tuel cost of the isolated generation
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system comparel to the conventional systen. The horizontal lines represent the
increase in owning and operating costs (excluding Tuel) chargeable to the iso-
lated reneration systen.

The results show that the isolated generation concept is not the economic
choice in any-of the twelve cities when considering present price estvimates.

Using predicted future production prices, the isolated generation concept would
be the ec OLOMJC cnoice for this building in Chicago and Atlanta and would be

narcginel in Minnespolis, St. Louis ani Jacksonville.

(BN

ELECTRICITY FOR ENVIRONMENT CONDITIONING

Electricity wmay be utilized Tor environment conditioning in two basic man-
ners. Electrical energy may simply be converted back to thermal energy and
Aivectly used for space heating. Even thouzh this energy reconversion is accom-
plisaed at 100 percent efficiency, the overall efficiency from the thermal enersy
at the power plent to the utilization point remains at 35 to 40 percent. Thus it
is difficult for electricity to compete on a strictly energy cost basis with a
fossil fuel system having an overall ef iiClenCJ of about 65 percent. This situ-

.ation is demonstrated by Figure 3A wvhich shows the number of cities, out of a

selected sample of 26, that have the indicated ratios of gas heatinz costs to
electric heating costs Tor residences. The cost ratios apply to energy only and
assume an overall gas system efficiency of 65 percent, and that a 10 percent
savings can be realized with the electric heating system through the use of
diversiTied temperatuire control.

One must be avare, of course, that the total economic picture includes first
costs of the systems, dirferential structure costs and maintenance costs, all of
which tend to Tavor electric resistance heating over a fossil fuel system. This
is substantiated by the fact that electric resistance heating is quite commonly
utilized in certain areas of mild climates, where, regardless of the conpetltlve
rate situation, total heating energy bills are relatlvelJ low.

Electricity is a uniquely convenient means of supplying rotational loads
over a complete spectrum of magnitudes. Consequently the second means of utili-
zing electricity for environment conditioning is through the use of electric
motor-driven refrigeration compressors. These devices may be either refrigera-
tion units just for cooling, or heat pumps for bhoth heating and cooling.

Electric motor-driven refrigeration units compete gquite favorably with any
other type of cooling on the basis of first costs and operating costs. Consider,
for example, the 300-ton steam absorption and electric drive centrifugal refrig-
eration machines studied in conjunction with the isolated generation system
reported previously in this paper. The steam absorption machine, compared to the
electric-drive machine, required 7.25 times as much energy to the machine itself,
25 percent wmore auxiliary powver, and cost over 15 dollars per ton more in first
cost. Economically justifying the steam absorption machine would be difficult
unless the steam or Tossil fuel were very inexpensive by-products of another
process, -or the electrical energy were unusually expensive.

The heat pump improves, to a considerable extent, the ability of electricity
to compete with fossil fuels on the basis of heating energy cost. This reverse-
cycle refrigeration unit. permits the utilization of free heat available from such
mediuwms as the outside air. A typical periormance factor for a residential air-
source neat punp is two. This may be considered to be an annual efficiency of
200 percent, considering electricity as the only chargeable input energy source.
The relative significance of the heating energy cost for a residential heat pump
may be seen by Fisure 3B. .Since the heat pump is a central system, no savings is

ssumed for diversified temperature control. UNote that the heat pump is )
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coapet! L8 of energy costn in avoun
cuse rations, the heat ;

where desired in ad

CONCLUSIONS

The isolatel ceneration analysis presented in this paper is but one of wmany
verformed ty the avthor on buildings vanging in size from uvnder 100,000 square
Teet to over 500,000 square feet.l Isolated zeneration has not proved to be the
present-Gday econonic choice in any of these studies. TFor isclated generation to
have been econonical would have required a higher than usual thermal load factor,
and either none or relatively low financial return required on the additionel
capital expenditure,. :

Electric resistance heating is not zenerally the economic choice of space
heating enerry source in areas with an adequate supply of fossil fuels. In spite
of the econO“’ 3, however, electric heating is srowing in use, seemingly because

: T ceneral desirability and at least acceptable costs.

o7 the conbi: ects o
Electrict “he econowic choice in many areas over fossil fuels for environ-
ment heating ﬂﬂ cooling through the use of & heat pump.

ra w
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T4BLE 1 - ISOLATED GENERATION EQUIPMENT COSTS

Turbine-generator set complete with
nounting arrangement, provection,
inlet air cooler (evaporative)
and controls. 254 K output.

Gas vooster, vaitbery charger, gas
compressor and storage tank for
starc-us

Boiler (differential cost)

Avsorption refriseration machine
(differential cost)

Floor space (300 square feet)

Installation

3 ta
Ingineering (7.5 percent)

TOTAL CCSTS FOR QUANTITY REQUIRED

Quantity Present DProduction
3 $ 179,500 $ 96,300

1 9,200 3,200

1 5,000 8,000

1 - 4,700 L, 700

1 6,000 6,000

1 25,000 25,000

% 232,700 % 149,200

17,400 11,200

$ 250,100

TABLE 2 - ANNUAL COWNING AND OPERATTNG COST
OF ISOLATED GEMERATION SYSTEM EXCLUDING FUEL

Iten

. 1
Capital Recovery
Taxes and Insurance

TOTAL FIXED COST
Turbine Main‘i:enancej

TOTAL ANNUAL COST EXCLUDTNG FUEL

1. 8ix percent return, Z0-year depreciation:

2. 2.5%

3. $.15 turbine hour - present cost
$.1/turbine nour - production cost

Present
Cost

'
&
»

0

[ev]
-3
A

21,300
6,200

28,000

1,500

& 29,800

% 160,400

Production

Cost

o

% 14,000
L4, 000

o

18,000

1,200

$ 19,200
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Results of isolated
-generation economic study.
Isolated generation is economical -
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Fig. 3. Ratio of gas heating cost to electric
heating cost for 26 U.S. cities. A - Resistance
heat. B - Heat pump heat. ’
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PREPARATION OF BIODEGRADABLE SYNTHETIC
DETERGENTS FROM LOW-TEMPERATURE LIGNITE TAR

John S. Berber, Robert V. Rahfuse, and Howard W. Wainwright

U.S. Department of the Interior, Bureau of Mines
Morgantown Coal Research Center, Morgantown, W. Va.

INTRODUCTION

Search for biodegradable synthetic detergents from low-temperature tar
'is part of a broad research program on low-temperature coal tar by the Bureau
of Mines, U.S. Department of the Interior. Fundamental objectives of this
research on tars resulting from the low-temperature carbonization of coal are
to (1) characterize these tars in some detail; (2) investigate means of upgrading
. them economically into marketable products; and (3) obtain information that can
 increase production of coal for use in carbonization through establishment of a

coal-chemicals industry based on the utilization of low-temperature tars.

Synthetic detergents in waste water is a controversial topic. Branched-
chain alkylbenzene sulfonate (ABS), the principal surfactant used in detergents‘,
is difficult to remove from waste water because of its resistance to biological
degradation. Conventional ABS is also being blamed for many sewage plant foam-
ing: problems (12). As a result, extensive research is being conducted in this
country and abroad on producing a ''soft" type of ABS (3), one that is more easily
degraded by the bacteria present in sewage plants than is the conventional ABS.
Conventional ABS consists of a mixture of mono-substituted benzenes, the alkyl

" substituent being highly branched, e.g.:

CH, CH,
— c] ——CH,—CH,—C —— CH,—CH,—CH,—CH, and
éH, ~ CH,
CH, CH, CH,
—_ <|: —CHZ-—CHZ——C'Z — CHz—cl:H
C'HS' CH, "CH,

No evidence has been found of the presence of methylene chains exceeding three
carbons. ''Soft' ABS, on the other hand, has less branched alkyl chains than the
old "hard'" ABS and contains methylene chains exceeding three carbons, e.g.:



250

e i

——(CHy);p—CH, and ——CH-—(CH,)y—CH, .
CH,

_ Low-temperature lignite neutral oil fractions contain as much as 17 to 20
percent alpha olefins in addition to trans-internal and tertiary ones (9). These
olefins are valuable as charge stock for the synthesis of alcohols, aci_ds,_ and sur-
factants for detergents. Other Bureau scientists have demonstrated the feasibility
of producing alcohols (1). This report covers laboratory-scale research on the
preparation of biodegradable alkylbenzene sulfonates (ABS) using straight-chain .
olefins extracted from a low-temperature Texas lignite tar.

EXPERIMENTAL ' ‘ |

. B

Preparation of Feed Stock. - The tar used in this study was produced {

from a Texas lignite carbonized at about 950° F by the Parry carbonization !
process {10). The crude tar was vacuum distilled (25" Hg) to an atmospheric o

" pressure end boiling point of 350°C. ‘Distillation cutoff temperature of 350°C
was chosen because the pitch residue has a softening point of 110°C, the generally
accepted softening point for use of pitch as electrode binder. Under these distil-
lation conditions, yields were as follows:

wt pct .\
Distillate . . . . . .. .. 51.2 \
Pitch ........... 43.7 Y
Water . ... .. ... .. 2.1 ‘
Distillation losses. .. 3.0 |
The distillate consisted of:
wt pct 1
"Tar acids ... ... .. 31.0 _ =
Tar bases . . . ... .. 3.9 ’
Neutral oils . . . .. .. 65. 1

The tar acids and bases were removed from the distillate by conventional caustic-
acid extraction. A fluorescent indicator adsorption analysis of the neutral oil
fraction showed 51.9 pct aromatics, 37.0 pct olefins, and 11. } pct paraffins.

Urea Adduction. - Straight-chain olefins and paraffins were removed from
the neutral oil by the urea adduction method (5, 7).

The general technique involved thorough mixing of neutral oil, urea, and a
solvent for one hour at room temperature. Methanol was chosen as the solvent.
The crystalline adduct and excess urea were recovered by vacuum filtration and
washed with 2, 2, 4-trimethylpentane to remove unadducted neutral oil components.
A sufficient amount of water was added to the crystals to decompose the adduct.
The ether solution was placed in a flask, and the solvent was removed at room
temperature by a stream of nitrogen. As shown in Table 1, yields of pure product
ranged from 12.0 to 15.0 pct. The extracted material was distilled to an end tem-
perature of 300°C. The fraction 170° to 300°C containing the Cy4 to C;¢ normal
olefins was considered suitable for detergents. Infrared analysis of the product
showed a strong concentration of alpha olefins with a trace of branched chains.

L_.M.( o
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The 170° to 300°C fraction subsequently was analyzed by gas-liquid
chromatography by an established procedure (2). Table 2 gives the retention
times of some paraffins and olefins, and their relative retentions referred to
n-dodecane. Figure 1 is the chromatogram. Volume percentages of the dif-
ferent compounds were calculated by measuring the peak heights and multiplying
the results by the peak width at half peak height. Test results are given in
Table 3.

Preparation of Alkylbenzenes. - Alkylation experiments were conducted
using the 170° to 300°C fraction of the urea adduction product as the alkylating
agent. Benzene was alkylated on a semimicro scale using established proce-
dures (11). Benzene and anhydrous AlCl; were charged to a 150 cc flask equipped
with stirrer, thermometer, and separatory funnel for the addition of the alkylating
agent. The straight-chain olefin-paraffin mixture was added over a 30-minute
period. Additional catalyst was added at 10-minute intervals following initiation
of reaction to maintain a maximum reaction temperature of 55°C. Following the
addition period, 15 minutes was allowed for stirring and completion of the reac-

tion. The acidic mixture was cooled to room temperature.and neutralized by the

addition of 20 pct NaOH solution. ' The catalyst and benzene-rich layers were then
separated by successive water washings in a separatory funnel, after which the
product was fractionated into three cuts on a 10-inch Vigreaux column. The cuts
included benzene, an intermediate composed of paraffins and unreacted olefins,
and alkylbenzenes. The alkylbenzene fraction was analyzed by infrared spectro-
photometry, and the presence of alkylbenzenes was confirmed; no alpha olefins
were detected. Yields calculated from distillation data are reported in Table 4.

Sulfonation of Alkylbenzenes. - Liquid SO; was vaporized into a metered
air stream, and the mixture was introduced into a 100 cc flask containing alkyl-
benzenes {8). The flask was equ-ipped with a thermometer and submerged gas-
inlet and outlet tubes; agitation was provided by the SO;-air flow. The SO, (14 g)
was bubbled into the alkylate (40 g) for approximately one hour. External cooling
was necessary to maintain a reaction temperature of 50° to 60°C with an air rate
of 1,350 cc/minute. The reaction mixture was neutralized with 60 cc of 10 pct
NaOH solution producing a light tan slurry.

Figure 2 is a simplified flow diagram for preparing the C;, to C,¢ alkyl-
benzene sulfonate. The percentage figures given in the flow diagram are the
weight-percent of the product versus the input feed to each individual processing
step.  Fifty pct of the n~olefin-paraffin mixture is within the desirable range of
C10~Cy1¢- The remaining 50 pct is concentrated chiefly in the high boiling fraction
{>300°C) and consists of a mixture of C;;-C;, olefins and paraffins. Investigations
are in progress to increase the yield of usable alkylbenzenes. These include the
thermal cracking of the high-boiling paraffins to give C;4-C,¢ olefins and the direct
conversion of the olefins to alkylbenzenes by eliminating the urea adduction step.
When these results are available, an economic study of the process will be made.

Biodegradability Tests. - A sample of the alkylbenzene sulfonates was sub-
mitted to the United States Testing Company, Inc., Hoboken, N.J., for determi-
nation of its biodegradability. The test procedure used was that adopted by the
West German Government (é) as no standard has been prescribed as yet by the
United States. This procedure for evaluating surfactant biodegradability calls for
the use of a continuous activated sludge waste-water treatment test. '




was calculated daily. These values are given in Table 5 and shown graphically
in Figure 3. A summary of the results is given in Table 6. The presence of
5.6 pct soap found in the test sample undoubtedly represents sample contamina-
tion.
German law specifies that decomposability of acceptable anionic detergents must
be at least 80 pct (arithmetic mean) (4).

lignite tar neutral oil fraction by urea adduction. Infrared analysis of the 4
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RESULTS AND DISCUSSION

The percent decomposition of the methylene blue active substance (MBAS)

The biodegradability of the sulfonate sample averaged 99.52 pct. The West

CONCLUSIONS

Straight-chain olefins and paraffins were extracted from a low-temperature

adducted product revealed no urea contamination and a strong concentration of !
alpha olefins with only a trace of branch-chain olefins. The 170° to 300°C frac- 4

tion (C;-C,¢) of the olefin-paraffin mixture was used to prepare a mixture of

" alkylbenzenes which, upon sulfonation, gave a synthetlc detergent that was 99.52
pct biodegradable.
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TABLE 1. - Urea adduction of straight-chain aliphatics

from neutral oil

1 Corrected for air.

P _w— T

Charge, Methanol, Urea, Ether/H,0, Pure product,

g cc g ce wt pct

75 20 45 50/150 12.0

17.5 445 87.5 50/150 12.17
500 300 500 150/500 15.0
TABLE 2. - Retention times of pure olefins and paraffins

Ce Retention time! Relative retention!

Compound (minutes) .(to n-dodecane)
n-Decane 1.59 0.43
1-Decene 1.77 0.48
n-Undecane 2.43 0.66
1-Undecene 2.70 0.74
n-Dodecane 3.66 1.00
1-Dodecene 4. 05 1.32
n-Tridecane 5.52 1.51
1-Tridecene 6.12 1.67
n-Tetradecane 8.34 2.28
1-Tetradecene 9.24 2.52
n-Pentadecane 12.63 3.45
1-Pentadecene 13.89 3.80
n-Hexadecane 19. 02 5.20
1-Hexadecene 21.06 5.75
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TABLE 3. - Quantitative analysis‘of Cgto Cg

a -olefins and paraffins 1

Compound Vol., pct i
Trimethylpentane - Trace

n-Octane ‘Trace i

1-Octene Trace a

n-Nonane - 0.8 i

1-Nonene ;

n-Decane

1- Decene
n-Undecane
1-Undecene
n-Dodecane
1-Dodecene

n- Tridecane
1-Tridecene
n- Tetradecane
1- Tetradecene
n-Pentadecane
1-Pentadecene
n-Hexadecane
1-Hexadecene

N0 000000100~ ~NONUWWO
W h WO 00O ON U U0 U O

100.0
Paraffins 48.7 ’ -
Olefins 51.3

P

TABLE 4. - Synthesis of alkylbenzenes

Wt ratio, AlCIl; catalyst, Reaction conditions

benzene/feed wt pct Temp., °C Time, min Yield, pct!
4. 6% 1.8 40-55 45 89.5
4. 63 2.1 50-55 45 45.0

! Weight-percent, alkylbenzene/feed.

Commercial Cy; to C5 alpha olefins. ,
3 Olefin-paraffin mixture (neutral oil 170° to 300° C) (Cio to Cyg).

2
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'TABLE 5. - Percent MBAS biodegraded per day

Day of ~ MBAS Day of MBAS

test biodegraded, pct test biodegraded, pct
8 95. 4 19 ' 100.0
9 94.0 - 20 100. 0
10 100.0 21 100. 0
11 100.0 22 100. 0
12 100.0 23 100. 0
13 98.8 24 100. 0
14 - 100.0 25 100.0
15 - 100.0 26 100.0
16 100.0 27 100.0
17 100.0 28 100.0
18 100.0 29 100.0
30 100.0

Decompo sability mean value,
99. 48 pct

TABLE 6. - Summary of biodegradability tests

Percent
MBAS in alkylbenzene sulfonate . ............. 66.3
Soapinsample . .. ... ... 5.6
Average of decomposability values for 23
consecutive days following break-in period. . . .. 99. 48
Decomposability of the detergent (including
soap!) in the sample . .. ...l 99.52

1 Calculated from Part I, No. 7, Specification of
West German Government Ordinance.
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